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1st column, hth l i n e  up - 3 module should be 4 module 

Table 6 

Line 4 
Line 4 
Line 4 
Line 5 
Line 5 
Line 5 
Line  6 
Line 8 
Line I 2  
Line 16  

Column 4 
Column 5 
Column 6 
Column 4 
Column 5; 
CoLumn 6 
Column 7 
Column 7 
Column 7 
Col-umn 7 

7 should be 6 
8 should be 7 
9 should be 8 
7 should be 6 
8 should be 7 
9 should be 8 
,295 should be .248 
.29 should be .2u 
.007 should be .003 
.027 should be .022 

I t em 11 - 3rd l i n e  up - '%he expendable1' should be "the non- 
expendable" 

2nd column, l i n e  16 - I1(about 52,000 fk3)11 should be "(about 100,000 ft3)11 

2nd column, 2nd l i n e  up - Delete tex t  beginning "Even under these J 
a s h p t i o n s  ." through the end of paragraph 6,l on page 1 7  and 
f e p h c e  it by the  following: 
though it is  seen tha t  the allowance of an additional tanker (q=l) ra i ses  
the overal l  success probability ( emgo  columns 1 and 2 o r  columns 3 and 4, 
l i n e  14;Table 7) whereas allowance of an additional. mating attempt 
(kml) actually reduces the overall success probabili ty (columns 1 and 4, 
line 1 2 ,  Table 61, because an additional mating attempt requires two 
additional launches. 
l a r g e r  number o f  ELV's instead of a smaller number of ELV's suffers  from 
a serious reduction of mission success probabili ty unless the probabili ty 
o f  delivery success which i s  the main cause of t h i s  reduction can be 
ra ised t o  0.9 o r  higheretl 

T h e  success probabili ty remains low al- 

These examples show t h a t  the concept of using a 

Table 7 - Inser t  t h e  following l ine :  

Line Column 1 2 3 b 
10a CPDs ,841 P* 9 040S .733 .LO5 0 733 

DT 
Change the following l i nes  as shown: 

12 

lk 

(Subscripts D and T refer t o  the del ivery of the vehicle and tanks, 
re spec t ive ly  . ) 



1. Introduction 

The history of transportation technology shows that requirements im- 

~ posed by the need for a growing transportation volume a r e  met in three steps: 

Firs t ,  the number of existing ca r r i e r s  is increased. second, the capacity of 

the individual ca r r i e r  i s  raised until some practical size limit i s  reached; 

finally, through technological advances, a quantum jump is achieved, raising 

the ca r r i e r  capacity through greater speed of transportation or by attaining a 

higher payload fraction or by achieving both aimultaneou.dy with a new and 

more advanced ca r r i e r .  

This process occurs  in response to a demand fo r  growing tranaportation 

capacity on land, on sea and in the air .  Throughout 

many decades of the past, adequate prognosis of future transportation needs 

and careful planning of how to satisfy these needs has been of crucial impor- 

tance to the competitive growth and survival of private transportation buriness 

in this country. As f a r  a s  space transportation i s  concerned. Earth i s  "this 

country" and qualihed nations represent the individual enterprises engaged in 

Space is no exception. 

I 

~ 

competition for technological eminence and the manifold benefits expected to 
I 

result therefrom. The approach to the problem is,  therefore, essentially the 

I same. 

It is the object of this paper to suggest a concept of how a growing demand 
~ 

I 
I 

for space transportation capability can be met in a timely and economical man- 

ner when it ar ises .  

subject to discussion here. 

In the field of Earth-to-orbit transportation. 

The questioqif i t  should ar ise  in the f i rs t  place, is not 

If and when i t  arises,  it will have to  be faced first 

Therefore, E a r t h  launch vehicle 

(ELV) planning 1s necessarily the izrst order oi business. 

Applying the three steps of transportation volume growth, referred to 

above, to the ELV problem, they take the following Io-: 

( 1) 

( 2 )  

Increase of the number of Saturn V launches per unit time. 

Develop a chemically powered Post-Saturn ELV of 4 to 8 t imes 

the orbital payload capability of Saturn V. 

Develop a chemonuclear o r  nuclear ELV of superior payload 

fraction (ratio of payload weight to lift-off weight). 

(3) 

This paper contans results of a Post-Non launch vehicle study conduc- 

ted since March 1962. and presently contmuing. under the direction of the 

Marshall Space Flight Center. Future Projects Oifice. 

the study ser ies  assisting in the selection and defirution of the next large 

launch vehicle after Saturn V. It is  primarily aimed at the question of prob- 

able operational life of the vehicle concept which i a  determined by the state- 

of-the-art expected during th; late seventies and early eighties. 

this study have produced conceptual designs for several  promising launch 

vehicles, now transferred to the main NOVA studies. The chemical NEXUS 

concept preiented in this paper i s  one of these configurations. 

This study is one of 

Results of 

. 1  

8 



2. Orbital Operation 

The Earth-to-orbit transportation volume is determined by the number 

and the extent of orbital  operations. 

process  of establishing o r  of maintaining and servicinx orbital installations. 

Orbital  installariona can be "permanent" (space stations) or temporary (lunar 

o r  planetary vehicles).  

orbital  installations a r e  depicted in Fig. I. 

Servicing and maintenance b e c o m s  a significant factor only f o r  pennan- 

Orbital operation is defined here a s  a 

The four principal operational modes for establishing 

ent orbital installations and consists primarily of rotation of personnel, delivery 

of food and other expendable necessities; and, of delivery of spare parts and 

replacements. The transportation requirements for  servicing and maintenance 

a r e  always considerably below those needed for the initial establishment. The 

la t ter  ones, therefore,  pace the expansion of the ELV transportation capacity. 

3. Earth-To-Orbit Delivery 

Delivery is defmed here  as the process of payload transfer f rom the 

launch p d  to a rendezvous condition with a point in the target orbit. The pay- 

load is in rendezvous condition when it moves in the immediate vicinity (20 to 

100 f t  distance) of the target point (e.g. orbital operations center, orbital 

launch facility o r  a partially completed orbital establishment) at very nearly 

the same instantaneous radial velocity and the same angular momentum as the 

target point. Successful establishment of planned rendezvous conditions com- 

pletes the delivery process. 

orbital operation (primarily. mating or fueling of modules). 

Everything thereafter i s  categorised here as 

The sequence of principal events during delivery i s  summarized in  Tab. 

1 for a two-stage vehicle exemplified by Saturn V and for a more advanced 

single-stage vehicle. 

proper is completed--as f a r  a s  delivery i s  concerned--with the successful 

separation of the payload. 

target orbit into a near-rendezvous condition, leaving it to the propulsion sys- 

tem attached to the payload to ca r ry  out a comparatively small terminal maneuver 

to attain full rendezvous condition. If no direct delivery occurs, ,the payload 

either is launched into a parking orbit, or the method of intercept delivery 

(ref. 1) is applied; that is, the ELV enters an elliptic orbit, slightly overshoot- 

ing the target orbit. 

separated and, with its own propulsion system accomplishes rendezvous. 

either case, the number of events r k a i n s  the same for the ELV mission, 

It is seen that in this model the mission of the ELV 

The ELV may deliver the payload directly mto the 

Prior  t o  intersection with the target orbit the payload is 

while the number of principal maneuvers for  the payload propulsion 

i 

\:. 
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either one o r  two (Fig. 2). In the case of 1-burn (for payload propulsion s y s -  

tem) intercept-delivery, the number of events i s  basically the same a s  f o r  the 

sequence of events outlined above. The overall probability of delivery is 

p~ = R E L V  RE-7 RE-S (la) 

The reliability of the events E- 1 through E-6 directly related to the ELV is 

E-6 n R E = "  ( 1b) 
E-1 ELV 

The reliability RELV is assumed b vary as shown in Fig. 3 for the 2-stage 

Saturn V a s  the result of the cumulative launches between 1970 and 1990. 

assumed reliability of events E-7 and E-8 is also shown in Fig. 3. 

reliability curvce a r e  based on component reliability estimates and on experi- 

ence curves for various ballistic miasilea and space boosters (ref. 2). Since 

a reliability analysis is not the purpose of this paper, these curves a r e  pre-  

sented here as one of several reliability models which will be used in the 

subsequent cost  analysis. 

on the assumption of all-chemical propulsion with initial operational availability 

in 1975. 

engines and a configuration described a s  NEXUS configuration below. Since 

the vehicle does not stage and smce the number of principal eventr involved 

in the delivery is, therefore, smaller, a higher rate of growth is indicated. 

It i s  believed that the reliability figure of 0.945 m 1990 for a 1-stage vehicle 

operational since about 1975, is  conservative. 

The 

There 

The reliability curve for the 1-stage ELV i s  based 

The propulsion system is assumed to consist of advanced 02/H2 

4. 

4. 1 Total Operating Cost 

Operating Cost of Establishing an Orbital Installation 

The total operating cost, C, of establishing a particular orbital installa- 

tion consists of the s u m  of the total operating cost of the logistic operation. 

Clog, of which the cost of transportation into orbit i s  the major part, plus the 

total operating cost of the orbital operation, C orb' 

C E C  log + c  o r b  (2) 

The total operating cost is defined here, as in ref. 3, as being the 8um of 

direct and indirect operating cost. 

cost of article production, propellant. transportation f rom factory to launch site, 

l awch cost. maintenance and repair o r  refurbishing, flight crew [if any) and 

other recurring costs. 

GSE per launch complex, launch facility, article developmnt and other non- 

recurring cost. 

package and its associated propulsion system, needed for events E-7 and E - 8  

(Tab. 1). The individual cost element8 listed above must, of course, be 

checked a s  to their applicability to the particular case under consideration. 

The direct operating cost comprises the 

The indirect cost includes the cost of range operation, 

The te rm "article" re fers  to  either the ELV o r  the net payload 

The logistic operation conmists of launch preparations and delivery, 

beginning with lift-off and terminatmg with rendezvous condition of the payload. 

Cos; considerations enter both phases. 

the delivery phase and has been specified in Sect. 3 above. 

4.2 Cost of Logistic Operation 

Reliability is primarily a problem in 

B A large number of interesting cost analyses have been p r e p r e d  in the 

past five years,  regarding dr cost of development and operation of launch 4 



vehicles of various sizes. 

a r e  found in references 3 through 5. 

predictions become increasingly vague the more ambitious the project. 

these reasons, and since detailed cost analysis i s  not the objective of thls 

paper, approximations will be used which assure the development of a possible 

and perhaps likely cost model which can be used for parametric purposes and 

which takes into account the effect of increasing experience with large launch 

vehcles,  and the effect of the rising cost of production and living. 

Some of the related work and additiorral references 

Moreover, cost and development time 

For  

The direct  operating cost for vehicles of the Saturn V type which a r e  expcnd- 

able and land-launched, consists to about 90 percent of vehicle production cost. 

Therefore, for the present discussion. the variation in  direct  operating cost can 

essentially be reduced to a drscussion of the production cost. 

with increasing cumulative production number due to growing experience and im- 

proving production efficlency. 

rising labor and mater ia l  cost and due to continued product improvement of 

vehicle subsystems and components. 

function of the cumulative production number and of time. 

sales and deliveries of a i rcraf t  corporations in the 1950160 period, i t  was shown 

in ref. 3 that the production cost, in terms of dollars per Ib hardware delivered, 

increased almost by a factor of six during that decade, from $21 to $118. 

includes the effect of transition from aircraft  to missiles and, to a lesser extent. 

f rom missiles to spacecraft. 

during the past  decade. 

This cost decreases 

The cost increases with time, however. due to 

Thus. the production cost is primarily a 

From the volume Of 

This 

The cost of airliner productlon roughly doubled 

The effect of transition from missiles to spacecraft on cost will make 

itself felt in the 1960/70 p e r i d  and will be caused primarily by a trend toward 

further reduction in production numbers resulting in more man-hours per  unit 

weight, the (rightful) demard by NASA and DoD for higher product quality and 

reliability, by further increase in the proportion of electronic and other high 

cost equipment and material  (heat shields, etc. ), by a further r ise  in average 

salaries due to an increase in the proportion of highly skilled personnel all the 

way from design to manufacturlng and testing and by other factors,  connected 

with more studies, analysis and research. 

continue into the 1970/80 decade with the advent of nuclear propulsion, nuclear 

electric power generation, extensive application of cryogenic technology and, 

on the operational slde. with the introduction of orbital facilities, lunar bases 

and manned planetary operations into tiie technological frame of reference. 

This trend may he expected to 

This cost-increasing trend is taken into account for the 1970/ 1985 time 

period by means of an exponential function e'. For Saturn V. 

z I 0.03 (0.9Y i 0.3) + 0; OOOZZ+ - 0.00000008 ( 3 )  F 
where Y represents the cumulative number of years,  starting with mid- 1970 

(i.e. Y 1 in mid-1971). The term in parenthesis indicates that the first  

term. which represents the increase in cost with progressing time, i s  not 

directly proportional to time, modulating the growth of z, taking into consid- 

eration factors such as saturation of plants with highly skilled and experienced 

personnel (i. e. level-off trend in the process of transition in the personnel 

composition), amortization of the investments in basic production capabilities 

(for cryogenic fluids and special "space age" materials)  and in other hasic 
i 
d 

c 



facilities (large simulators, special tes t  facilities). The second term repre- 

sents the t ime  correlated effect  of the production number Y . With increasing 

production, the cost per unit weight of hardware will decrease. 

decrease will be different if a certain production number i s  to be attained during 

the "first" year  (Y = 1) than two o r  three o r  more years  later. In the f i r s t  case. 

the cost-reducing effect will be l e s s  pronounced because of extensive tooling 

and facility investments and because rapid increase in the production number 

of a relatively young product is bound to cause mistakes which must be charged 

against the production cost. This effect, however, should diminish rapidly 

with time, as expressed by Yz in the denominator. 

The third t e rm modulates the effect of I in-the f i rs t  year (Y = 1) and 

However, th is  

takes into account that for Saturn V the year 1971 i s  not really "Y = 1". 

third term is designed to  give the increase in production number to very high 

values of Saturn V in 1970 a greater cost-reducing effect than it would be 

justified for the f i rs t  operational year of a new product. 

The 

Counteracting this cost-raising trend is the fact that with increasing 

production number, independent of time, there is going to  be a reduction in 

cost due to progress on the learning curve, more efficient production methods, 

smaller reject quantities and amortization of the production facilities and equip- 

ment proper. 

curve av-b which, in logarithmic form represents a straight line. 

concerning the V-2 rocket the B-29, B-47. 8 - 5 2  and others for  production 

numbers up to 1000, presented in ref. 3, a value of b = Y6 i s  indicated, 

corresponding t o  about 90 percent learning. 

This  trend can mathematically be defined by the experience 

From data 

Most of the experience cases 

mentioned before are .  however, based on t ime periods which a r e  shorter than . , 

the 15 years considered here. 

makes b a function of t ime also. Neglecting this aspect here (since some of 

this, a t  least, already has been incorporated in z) we then apply the following 

relation to the determination of the production cost per  lb of hardware 

In practice, progress on the learning curve 

-b 
Kprod= a #  e' (4a) 

which becomes. under the given assumption. for  the Saturn V ELV, 

K ($/lb) = a#- 1/6exp 0.03 (0.9Y - 0.3) t 0.00022 

2 

Prod 3 

- 0.00000008~ (4b) 

Fig. 4 shows the effect of This relation is plotted in Figs. 4 and 5 for a = 80. 

varying the production number in a given year.  F o r  a fixed production number 

the increasing cost of living is a d o m k w t  factor. 

number is more effective, in terms of cost reduction. in b t e r  years. since by 

then ear l ier  investments a r e  amortized. the entire manufacturing and quality 

control process is more "debugged" and the capability of handling increases in 

production efficiently and without costly e r r o r s  i s  increased. For  comparison, 

the relation a V - b  is shown, which does not take cost-increasing effects into 

account. 

duction number. 

dominant at prolonged manubchrring a t  a low production level. This effect is 

less pronounced. and m a y  even be reversed temporarily. at higher production 

numbers. 

Jncreasing the production 

Fig. 5 illustrates the effect of t ime on the production for given pro- 

As would be expected, the cost-increasing effects a r e  most 

B 
Lh 



The associated direct  coat of delivery per lb of net payload (direct cost 

effectiveness) is 

% W d ( S / l b P l d )  (51 
* *  

'OeD'- 0.9 W, 

for the expendqble. land-launched Saturn V. where W 

the net payload weight of the vehicle. 

-is 

is the dry weight and Wo 

The associated indirect cost effectiveness 

d 
' 

8 0  * *  
C = m C ($/lb Pldl 

I, D 0. D 

where rn = 4N). N being the annual launch rate. 

tion with the Post-Nom study indicate a trend a s  shown in Fig. 6 ,  for 

function of the cumulative launches N. hence of Y , assuming that the vehicles 

are  not stockpiled in significant quantities. 

load delivery info orbit  with Saturn V is. therefore. approximately 

Cost analyses made i n  connec- 

m as 

The total  coat effectiveness of pay- 

W Cf % Kprod d (1 t m) ($/lb Pld) 
0.9 wo (7) 

Where Wd=440. 000 for  bo*, f i rs t  and second stage of Saturn V. 

load is 250.000 lb o r  less. 

The net pay- 

The total operating cost per  launch is then 

The total operating cost for a given orbit lift operation is. 

Cop s N C' 
OP 

(9 )  

where N 

The annual total operating cost follows to be 

is the number of launches required for  a given transport volume. OP 

C t N C '  (101 

where N is the number of launches per annum. 

Two models of growth (case A and case B) of the Saturn V launch rate 

have been assumed and a re  shown in Fig. 7. 

case. 

in Fig. 8 for three Saturn V payload levels. 

moderate growth of cumulative payload in orbit, reaching 90 to 115 million lb 

by 1985. 

into orbit by 1985. 

have been determined for  each of these cases. based on Eqr. (7) through (10) 

and Figs. 3, 4 and 6. Based on these values an 

approximate variation of total cost effectiveness of Saturn V versus time is 

shown x n  Figs. 9 and IO for case A and B, respectively. 

tically be said about these figures is  that they a r e  likely and perhaps tend to be 

optimistic rather than conservative. This is done intentionally. because, if a 

larger,  Post-Saturn ELV compares advantageously with Saturn V, such re=l t  

is more conclusive if Saturn V is treated.optimistical1y. 

They probably bracket the actual 

The associated cumulative net payload weight delirered into orbit  is shown 

Case A assumes a comparatively 

In case B, between 185 and 230 million lb wil l  have been delivered 

Mean total cost effectiveness and associated parameters 

They a r e  liated im Tab. 2.  

All that can realis- 

For  the Post-Saturn vehicle a payload capability into orbit of lo6 lb has 

been asaumed. 

and an expendable version of a single stage chemically powered ELV have been 

considered. 3 
assumed iu Fig. 8 for  250,000 lb payload, the same payload build-up has been .c 

A reusable version with an  average operational life of 10 launches 

Corresponding to the orbital transportation models A and B 

4 

c c. c 



C r  

followed with the Post-Saturn vehicle (Fig. 11) for which 1975 has been assumed 

to  be the first full  year of operational state. 

more or l e s s  hypothetical vehicle can vary considerably, depending on many 

detailed assumptions which cannot be discussed here. Typical variations of 

the total cost effectiveness with time f o r  the type of vehicle under consideiatim 

a r e  shown in Fig. 13 for  the cases A and B and for the reusable and the expend- 

able version. 

curve8 have been indicated for  the upper curve as the apparently most likely 

curve for the case  in question. 

expendable versions probably a r e  on the conservative side. 

dicated to pay off more on the long run than initially where lower reliability 

will permit fewer vehicles, i f  any. to live through their full operational l ife 

of 10 launches and where recovery and refurbishing operatiom a r e  less  routine. 

4. 3 

The cost effectiveness of such 

Typical uncertainty limits whose range is characteristic for all 

The total cost effectiveness figures for the 

Reusability is in- 

Cost of Orbital Operation 

The cost of the orbital operation is composed of the orbital labor cost  

and of the ground operational cost. 

the orbital installation and of associated data evaluation is small compared to 

the cost of orbital  labor,  because it i s  baaed on tracking facilities and crews 

which a r e  also used fo r  tracking other satellites and deep space vehicles, as 

well a s  in connection with Earth-to-orbit logistic operations. 

The latter, consisting primarily of tracking 

The bulk of the direct  cost of orbital operations is connected with the 

establishment and the maintenrnce of a human labor fqrce in orbit for the dura- 

tion of the particular orbital opexation (i. e. primarily the establishment of an 

orbital installation a s  defined in Sect. 2). A small amount (approximately 10 

to 15 percent of the orbital labor cost) will have to be added for maintenance 

andlor replacement of orbital support equipment (OSE, the analog of the GSE). 

This OSE and its  transport  into orbit constitutes the bulk of the indirect (non- 

recurring) cost of the orbital operation. 

labor cost appears to be by far the  largest  single cost item, although exceptions 

a r e  possible. Fortunately. the orbital labor coat is comparatively most aced*- 

sible to a general analysis. The cost of the OSE depends upon the type of orbi- 

tal operation; the cost of maintaining and servicing the OSE i s  largely a function 

of the duration of the particular orbital operation or of the sequence of orbital 

Of all these cost items, the orbital  

operations. all assumed to be using the same OSE. 

For  the hourly orbital labor rate, in terms of dollars per  labor hour 

based on the period of the particular orbital operation. T 

equation w a s  developed, 

the following 
OP’ 

(Ch, OL)T = f (cost of special job training) t f (Coat of 

transportation to and from orbit) t f (cost 

of living) i f (cost of housulg) + f (Cost of 

operating and maintalning orbital housing 

for the work force) 

OP 

where (1 day = 24 hrs) ,  

CTrng ($) 
= cost of special training of person for his orbital job, a s  paid 

fo r  by the Government 
.!I 



= number of orbital duty periods, TD‘ of a given person during 
the period of orbital opcratron, T 

orbital duty perlod (i. e. time between ascent znto orbit and 
return) 

fraction of 24-hr period spent working 

OP 
ND 

TD (days) = 

= fw 

Top (days) = total period of the particular orbltal operation 

T ITD = number of transportations to and from orbit per equivalent 
person (if the ratio i s  not a full number, the next high f d l  
number must be taken) 

transportation cost per person to orbit and back 

OP 

CTr, p($) 

CL ($1 = cost of living 

COH ($) 

COM ( 8 )  

= 

= cost of orbital housing fo r  the labor force (no developnm nt cost) 

cost of operation and maintenance of orbital housing for the 
labor force 

E 

- 
= average number of personnel in the partxular orbiral labor 

force 
N P  

In particular, it is  

‘Trng = cy (13) 

= Y (years) 

Cy ($/yr) = annual cost of special traiang 

number of years of special training for orbital work 

13 10 
‘Tr, P “ETOt ‘OTE) wP (14) 

CG&, ($/lb) = Earth-to-orbit personnel transportation cost  ($/lb of person 
and personal equipment) 

** 
COTE ($/lb) = Orblt-to-Earth personnel transportation cost (bllb of person 

and personal equiprkent) 

W p  (Ib) = weight of person and personal equipment 

C:: ($/lb) 

wF (lb/d) 

= cost of cargo transportation into orbit per pound of cargo 

daily consumption of food which has to be replaced by supply 
from Earth (mostly solid, since water is recycled) 

= 

ww (Ibld) = water loss per person per day 

GX (Ib/d) = expendables per person per dai (e.g. toothpaste, tissues,etc.l 
- -.. 

‘OH = ‘production ’ ‘launch WOH ‘prod ’ WOH ‘r; (16) 

WOH (lb) = weight of orbital housing facility 

Cprod($/lb) = mean production cost of facility 
- 

COM = 0.003 & WOH C;: + Cm + Ccrew (17) 
365 

assuming that the cost of maintenance corresponds in the average to transpor- 

ting daily 0. 3% of the weight of the orbital housing facility into orbit a t  $150/Lb 

transport cost. 

CGo($)= CDailY. Top i cost of ground operations, i. e. average daily c05t 
times period of operation (tracking, ctc.) 

Ccrew (6) = cost of crew to run and maintain the orbital housing facility. 
This cost is  assumed presently to be zero, since “facility 
duty” can be handled by the labor crew. however, if a special 
crew or a specialist were required. apart from the work force, 
the associated cost would be carried under C crew 

Based on values selected for the various parameters, listed in Tab. 3, 

the orbital labor cost has been computed for orbital operations lasting 360 days, 

180 days and 720 days. respectively. The results a r e  shown in Figs. 14 

through 17. 

This cost breakdown 1s typical a lso for the two other operational periods shown. 

From this figure i t  is seen that the cost of special training of the orbital labor 

Fig. 15 shows a cost breakdown for a 360 day operational period. 

force represents the dominant cost item and that the period of orbital duty and F 
# 

the number of orbital duty periods a r c  the most important variables. If the & 

c 



orbital duty period i s  brief, the cost  of special training remains the dominant 

factor even if the cost is one half o r  one third of the $400,000 value assumed 

in Tab. 3. 

in the framework of a 360 day orbital  operation. 

i ts  contribution increases  with decreasing period of orbital operation and in- 

creasing number of personnel rotations, expressed by the ratio of period of 

orbital operation to period of duty of the individual. '' The cost  of living con- 

tribution nominally is not a function of T since both, food requirement and 

number of labor hours  vary in the same manner with Top. The contribution of 

orbital housing to  the hourly labor rate exceeds that of transportation by a k c -  

tor  d 4 and higher, as shown in Fig.  l 9 f o r  various average numbers of person- 

nel, Fp, and on the basis  of the specifications listed in Tab. 3 and in Fig. 9 .  

The cost  oi personnel transportation i s  a comparatively small item 

However, Fig.  18 shows that 

OP' 

These data show: 

1. For periods of orbital  operations of 100 days o r  more,  personnel 

transportation costs play a comparatively minor role in the over- 

a l l  hourly labor rate,  provided the number of crew rotations does 

not exceed 2 for a 100 day operation and 12 for a 720 day opera- 

tion. 

tation cost of $lOO/lb assumed here  (postulating an  all-recoverable 

2-  stage personnel transport  vehicle). 

This conclusion is correct  even when doubling the transpor- 

"As f a r  a s  transportation cost is concerned, it does not matter,  whether or 
not the same individual is involved in another period of duty during the same 
period of orbital  operation; i. e. N has  no effect  on the transportation cost, 
only on the contribution of the s p e a a l  training cost to the hourly labor cost. 

P 

The cost  oi supplying the orbital crew with expendable i tems,  

primarily (on a pe r  person basis)  food (3.66 lb/d/p).  make-up - 

water ( 0 . 3 5  lbldlp)  and miscellaneous, ranglng f rom food con- 

tainers,  f i l ters ,  sanitary supplies, etc. (0, 74 lb/d/p) contributes 

approximately $89 to the hourly labor rate, based on a t ranspor-  

tation cost  of $150/lb. 

The principal cost i tem, as ide f rom the cost  of special training, 

is  orbital housing and its maintenance. Even for an operational 

period of one year ,  i ts  contribution to the hourly labor rate is  

between $350 and $850 for  crew sizes between 50 and 20 persons.  

II the cost of ground and orbital  training of the individual is taken 

into account, the hourly labor cost var ies  within wide l imits,  

being now strongly dependent upon the individual's orbital  duty 

periods during the total period of a given orbital operation. 

Unless the cost 01 special training can be kept a t  a level of 

$50,000 to $60,000 per  person per  year  (for a two-year period). 

it i s  of great  economic importance to maintain long orbital  periods 

of duty (at  least  90 days); o r ,  if this meets  with difficulties f rom 

the standpoint of work efficiency. to a s su re  a t  least: three tou r s  

of duty (No = 3) of 30 days pe r  individual f o r  orbital projects 

ranging from 180 to 720 days. 

The overall orbital  labor cost  is a function of the various i tems discus- 

E 
& sed above and of the period of the orbital operation. 

that a 100 day orbital operation i s  planned, involving a crew of 30 persons,  

Assume, for instance, 



5. Operational Considerations and Probability of Success of Orbital Delivery 

and Establishing Orbital Installations i 
; 

which is not rotated,  but stays up for 100 days. 

becomes, no t  counting special training, 

Then the hourly labor rate 

f ' 5. 1 Criteria 

Cost of l iving (Fig. 18) 89 SJhr 

Personnel transportation 
(Fig. 18, Top/TD = 1) 

Housing (Fig.  19, Np = 30) 

Hourly labor  ra te  without 
special training 2113.5 $ / h r  

24.5 $ /hr  
- 

2000 $ /hr  

In prmciple. any ELV can amass any amount of weight in orbit, given a 

sufficient number of successful launchings. 

orbital installation whose weight or volume exceeds the payload weight o r  volume 

capability of a single given E L V  affects t h e E o f  establishing the installation 

IJI practice, the establishment of an  

.I 

resulting in a c o s t  of 2113.5 . 800 * 30 = $50,724,000. 

training specified in  Tab. 3, the amount of 30 . 2 ' 400, 000 = $24,000,000 

mwst be added, yielding a total of $74,724,000, o r  an overall  hourly labor 

ra te  of $31 10. 

At the cost of special through the followi'X parameters: 

(1 -a) number of deliveries required. 

(1-b) probability of successful delivery. 

(1-c) probability of successful orbital mating and/or fueling. 

Tab. 4 relates these parameters LO six criteria.  grouped in three categories. 

The number of launchings affects ground operation and ELV procurement cost. 

especially if the vehicles a r e  expendable. 

determines also the procurement cost of modules in  excess of those basically 

needed. to replace losses during delivery failures and failures during o r b i b 1  

operation. Finally, level of effort. duration and cost  of orbital labor derermine 

essentially the cost of the orbital operatlon during the establishment phase 

The reliability of the overall operation 

c 

c c 
I 



5.2 Probability of Successful Establishment of Orbital Installations 

The total requirement on the transportation system is determined by the 

probability of success desired for the delivery operation; in addition, by the orb- 

ital operation associated with the payload weight delivered and the desired level 

of its probability of euccess. 

First ,  it is assumed that the payload packages a re  modules of a larger sys- 

tem which is assembled in orbit by mating these modules. We consider two cases: 

Case A: A l l  modules delivered a re  nnted. 
to several modules already mated is assumed to lead to the loss 
of the two modules concerned, but not of the other modules. 
Thus, if module 11 of a I-11 complex fails to be mated with mod- 
ule IU, both modules II and III are  assumed to be made unsuit- 
able. but not module I. Module I1 muet be separated from I and 
two new modules I1 and ILI delivered and mated with each other 
and with 1. 

The delivered modules a r e  mated to individual complexes of 3, 
4 or 5 modules each. 
rules apply as in case A .  

Failure to mate one module 

Case B: 
In case of failure to mate. the same 

Case A and B a r e  identical where 3, 4 or 5 modules a re  concerned. They 

a re  different for  la tper  number of modules. 

establishment of large space stations. case B to lunar or planetary space vehicles. 

The probability of success in establishing an orbital installation is thus 

determined by the cumulative probability of delivery of a number of modules. 

P,, , multiplied by the cumulative probability of mating a gives number of mod- 

Caae A applies primarily to the 

* 

ule% P,* The probability of n or more successes in nD = n + j deliveries is 

n t j  

PD* E 2 A j  P/ (1 - P D )j (181 

. n D L n  

where PD is given by Eq. (la) and A. follows from Tab. 1. Thus, for 3 o r  more 

successful dehveries out of 5 attempts. 1. e. nD = 3 + 2. it is 

p D * = p D 3 i ; P  3 ( l - P  l t 6 P  3 ( l - P  )2 (19) 
D D D  D 

and so forth 

The probability of m or more successful mating6 of m + I modules in m 

to m t k attempts under the ground rules specified for case A above is given by 

the following equations. 

k = 0 P d m  = Pym 

a =  1 



where PM is the probability of mating successfully two modvlcr and Pd the 

probability of successfully demating a damaged module from a module 

aggregate. 

for all modules or mating processes. 

delivered into orbit is always ( m  +I) t (k + 2). 

the possible number of successful launches required. Thus, if m = 3, k = 2, 

preparations for the establishment of this 3-module orbital installation must 

plan for eight deliveries.  

launch vehicles (if non-reusable) and of nine modules (if mterchangeable) would 

have to be procured to attain the associated overall success probabillty. 

It is assumed in the above equations that PM a d  P a r e  the s a m e  
d 

The number of modules which must be 

This number, then, determines 

If one delivery failure is included, a total of nine 

P*= P:Pz = C  9 A 1 P $ ( I - P D ) k M 3  [It; (1-PJk] 

a k =  1 

+ 2 P  2 P  P ( 1 - P  ) 1 M M d  M 

In case B, Eqs. (la)through(24) are  also applicable, but m is 

restricted to 5 or less and the fact that the process of establishing these 

installations is to be repeated, say p times. must be taken into account. 

Thus, in the example leading to Eq. (26). assume that p = 3 orbital 

installations of m t 1 = 4 modules each would have to be established. 

the overall success probability is 

Then 

P *  E ( P * P  )P P D M  (26) 

The number of modules to be procured may have to be larger in this 

case than in case A if they a re  not interchangeable. 

A third case is also considered. 

C a s e  C: An orbital installation is to be supplied with fuel or other 

necessities. Failure to fuel does not destroy the module 

to be fueled and, therefore. requires only delivery of 

another supply vehicle (tanker) rather than two additional 

deliveries in the cases A and B. 

For case C, Eq. (18)applies also to the orbital operation. The probability 

I of s or  more successes in  p = s t q attempts to fuel o r  service the install- 

ation m any other maimer 1s ? 
s + q  

P,* = Aq Pss ( 1  - Ps)q ( 2 7 ) .  

p: I 

c c ! 



where A is found from Tab. 5 ior  q = j and n = 5 .  The probability of 

success of the entire operation is then in case C 

p* = P*P* 
D S  

Probabilities P l  , P* and PG a r e  shown in Figs. 20 through 23 for relevant 

ranges of individual probabilities PD, Ps and PM. 

b. 

6.1 

Comparison of Operational and Economic Aspects of Establishing 
Orbital Installations wth'a Large Number of Saturn V ELV Versus 
a Smaller Number of Post-Saturn ELV 

Approach 

The preceding Sections have laid the foundation for  a comparison of the 

alternatives (1) and ( 2 )  presented at the end of Sect. 1. 

vehicles which do not exist, under operational conditions which have not yet 

been experienced, performing loosely defined tasks under economic conditions 

12 years in the future i r  necessarily uncertain. 

treatment of the subject is claimed in the franevmrk of this paper. 

if the two cases a r e  treated consistently. the resulting trends sholld neverthe- 

l e s s  be of significance f o r  future planning. 

A comparison of two 

. . .  - . . .. . .  

Moreover, m exhaustive 

However, 

It is attempted to show that not only transport  cost effectiveness is 

involved, but that the associated cost of payload procurement and of orbital 

operations also plays an important role. 

The technique of comparison is illustrated in an example, listed in some 

detail in  Tab. 6. The task ia to establish an orbital installation which consists 

of four complexes of IO6 lb each. Saturn V. given a useful payload of 250,000 

lb, is  compared with a chemical Post-Saturn vehicle of lo6 lb useful payload. 

The year selected is 1975, assumed in this paper (as an example. not a predic- 

tion) to be the f i r s t  operational year of "the" Post-Saturn vehicle. This year 

puts the Post-Saturn, therefore,  in a particularly unfavorable position relia- 

bility wise. 

probability of successful delivery of P D 

1-stage-to-orbit vehicle (no auxiliary systems jettisoned), a 10-vehicle tes t  9 

The nevertheless comparatively high reliability resulting in a 

I 0.75 i s  justified on the basis that a 



program, and careful, advanced quality control and checkout methods have 

been assumed. 

F o r  Saturn V the task amounts to transporting 16 modules into orbit 

and mating them to 4 lo6 lb-complexes. Lines 1 through 8 determine, fo r  the 

assembly of one lo6 Ib complex, the overall probability of successful delivery 

(Pz), based on PD = 0.84; the probability of successfully accomplishing four 

t imes three m t i n g s  (PL), based on PM = 0 . 9 5 ,  Pd = 0.99  (Sec. 5.2); a d  the 

overall probability of success e. 
ing (rather  t h a n  fueling) in Sect. 5 .2  a re  used. 

ered.  First, in columns 1 through 3. no extra mating attempt beyond the 

minimum of 3 matings i s  planned (k = 0 ) ;  whereas the number of extra delivery 

attempts i s  increased from zero ( j  = 0) to two {j = 2). The delivery probability 

grows, therefore,  according to Eq. (18). for n = 4 and j = 0, 1, 2. i.e. 4 

successful deliveries in 4. 5 and 6 delivery attempts. 

deliveries a r e  planned, the first  four deliveries may be successful: in which 

case the fif th and sixth E L V  and payload would be available. in case of a mating 

failure. 

ment and launch plan represented by col. I through 3. which merely aims a t  

maximizing the probability that the four required modules will actually be 

delivered. In col. 4 through 6, an  additional mating attempt is specifically 

planned (k = 1). This means that the plan must provide for a minimum of 6 

launches (n = 6) under the assumption made in Par .  5.3 that failure to mate 

renders the two modules involved unsuitable, against which j is again varied 

from 0 to  2 to increase the confidence level of successful delivery of 6 modules. 

The assumptlons specified for orbital mat- 

Three alternatives a r e  consld- 

In practice, when 6 

However, this additional mating capability i s  not part of the procure- 

In col. 7 through 9. finally, k = 2 and j = 0, 1, 2.  

P,,, increasing j 

confidence level is obtained with j = 2, but k = 0 (col. 3). 

late excess modules in orbit (k = 0 )  in case they a r e  needed there degrades 

the overall probability of success unless PD is higher. 

Because PM is larger  than 

i s  more effective than increasmg k. Thus, the highest 

Trying to accumu- 

In lines 9 through 12 the effect is shown of carrying out 4 t imes each of 

the 9 alternatives f o r  establishing one IO6 lb complex (lines 1 through 8).  on 

the procurement requirements and on the overall probability, under the assump- 

tion that no additional attempt to assemble a lo6  lb-complex is planned (h  = 0). 

If one attempt i s  planned (h = l), the figures in lines 13 through 16 a r e  obtained. 

Lines 17 through 30 estimate the cost of delivery and of orbital labor. 

procurement requirements for h = 0 a r e  used. 

figure to the payload modules, they a r e  compared on a weight basis, since it i s  

plausible that their specific cost ($/lb) i s  comparable for Saturn V and Post- 

Saturn. 

it should be pointed out that this number represents the manmum number of 

interchangeable modules which could possibly be used. Actually, to procure 

one module for each delivery failure which could possibly occur and two mod- 

ules fo r  each mating failure which could possibly occur i s  excessively cautious 

and might be justified only if the procurement lead t imes for the modules is  

much longer than the launch period and if the importance of timely execution 

of this operation is so crucial that it must not be endangered by lack of an 

adequate module supply, however remote the probability. Since the probability .I 
P 

of occurrence of every conceivable module-damaging failure which could possibly 

The 

Instead of attaching a dollar 

In regard to this weight and the associated number of Saturn V payloads 

s 

c c c 



occur, is almost zero,  the probability that these many modules will be needed 

i s  likewise zero; in other words, the risk to the success of the overall opera- 

tion, entertained by reducing the procurement of modules by some 10 to 20 

percent is very small. 

vehicles, since it is most unlikely that the maximum number of launch failures 

(one or  two, respectively, during the assembly of each IO6 Ib c&plex) actually 

will occur. 

vehicles and their payload interfaces a re  alike and, therefore, freely inter-  

changeable. E all 16 modules a r e  significantly different (in the sense that a 

change to convert one module into another (given this is  feasible) would require 

significantly more t ime than the planned launch period). then a significantly 

larger  number of modules than indicated in line 31 must be procured to be 

consistent with the overall probability of success. 

of having, in a planetary or lunar ship or in a space station, as  m y  modules 

interchangeable as possible i s  so apparent that it w i l l  strongly influence the 

design philosophy in this direction (especially, since interchangeability of mod- 

The same applies to the procurement of Saturn V 

Again this statement i s  based on the assumption that all Saturn V 

The economic importance 

ules of manned planetary ships is also of considerable practical importance 

in case of troubles en route). 

reached completely. 

a l l  of the modules will be interchangeable. Since this tends to ra ise  the "safe" 

procurement level, compared to  all-out interchangeability, the numbers. given 

in line 31 could possibly have to be met. 

However, practice shows that this goal is never 

Therefore, it can be expected that the majority, but not 

In any case, f o r  comparable succese probability the procurement cost 

when using Saturn V is considerably higher than for  Post-Saturn. Although the 

individual delivery reliability of the latter is  a good deal mferior than that of 

Saturn V, the confidence level (. 829) attained with 6 . lo6 lb payload procure- 

ment ( j  = 2, k = 0) i s  significantly higher than that attainable with Saturn V fo r  

the same condition (.422, line 12, col. 3). 

of at least  . 7 5  (line 16, col. 3), 7 . IO6 lb of payload would have to be procured. 

The reason fo r  this is, of course, that no orbital mating is required. 

mum amount of preparation is done on the ground where it can be done more 

efficiently and far less  expensively. 

Saturn V, since for each Post-Saturn launch at least 4 Saturn V hunches a r e  

required, whereas the launch cost of an  O21H2 PostSaturn ELV of the payload 

capability envisioned here appears to be only about 3 t imes as high a s  that of 

a Saturn V. 

Conversely, for a success probability 

A maxi- 

The launch costs a r e  likewise higher for 

The example indicates the following: 

1. The best alternative available to Saturn V, in t e rms  of competi- 

tiveness with Post-Saturn would be n = 4,  j = 2, k = 0, h = 1 

(col. 3, lines 14 through 161. 

This case compares with Post-Saturn, n = 4, j = 2 a s  follows: 

overall success probability: . 75  VS. .E29 

max. number of launches: 28 vs. 6 

max. launch cost (expendable ELV): 

max. payload wt. procurement: 

If this payload is inexpensive (e.g. HZ), the last point is negligible. 

In this case, however, no housing would be available for the orbi-  

tal crew of Post-Saturn, which would bring the orbital labor cost 

2. 

$1120M vs. $720M 

IO7 lb  vs. lo6 lb. 

3. 

1 



roughly to the same level a s  listed for Saturn V. 

inexpensive payload is hauled, the economic superiority would 

be based prrmarily on its higher cost effectiveness, resulting in 

a saving of the order  of $400M for Xhe entire Operation. 

economic superiority of Post-Saturn i s  not raised significantly 

if the cost of special training of the orbital crew is taken into 

consideration. At the level specified in Tab. 3. this cost is 

$l6M higher for Saturn V, based on line 19 of Tab. 6. 

If the payload i s  moderately expensive. say, $300/lb. the economic 

disadvantage of Saturn V is emphasized further, because, for rea- 

sons of mission success confidence. lo6 lb more payload weight 

must be procured, adding $300M t o  the $400Pn in higher vehicle 

procurement and launch cost. 

load i s  likely to possess accommodations for personnel (e.g. 

flight crew).  

is  likely to be more feasible in the Post-Saturn case  where no 

mating, only checkout of the complexes is involved. Therefore, 

it is likely that no orbital housing will be required for Post- 

Saturn, adding another $50 to 65 million and bringing the total 

cost difference f o r  this comparatively small orbital operation to 

the o rde r  of $750 million in  favor of Post-Saturn V. 

tant to note that this advantage is due to about 50 percent to 

lower transportation cost, the other half being derived from 

lower payload weight procurement and simplification d the asso- 

Thus, i f  

The 

4. 

Moreover. in this case,  the pay- 

Their temporary use by the orbital operations crew 

It i s  impor- 

ciated orbital operations. 

a s  large, they would still be very significant. 

Even if the savings were only half 

In conclusion, it should be pointed out that the relative position of Saturn V 

can be improved, if a mating technique i s  used in which failure to mate does 

not result in the destruction (or mission unfitness) of both modules concerned, 

but of only one, preferably the one to  be attached (so as to eliminate the need 

fo r  d e n t i n g  a module). 

f o r  one, rather than two additional deliveries. 

bility of success significantly, even if the probability of mating success proper 

(PM) is not raised. 

In that case,  a mating failure results in a requirement 

This raises the overall proba- 

This condition can certainly be assumed to exist in the case of fuelmg 

rather than mating. This case is. of course. predicated on the specification, 

not made previously, that the lo6 lb complex is a vehicle. It must further be 

assumed that the vehicle uses chemical propellants (Oz/Hz or denser), since 

the size of a L O 6  Ib nuclear-powered hydrogen carrying vehicle is too big for  

the presently specified payload volume of Saturn V (about 52,000 ft3) limited 

by facility limitations and design criteria. 

density of 24 lb/ft3, requires only about 38,000 f t 3  f o r  a propellant load of 

900,000 lb. Thus, the complete vehicle can be carried aloft, partly fueled 

and subsequently fueled by tankers. To account for problems connected with 

mounting the entire vehicle in the nose section, and taking into consideration 

insulation weights fo r  the tanker atop Saturn V, it i s  assumed that in this case,  

a minimum of 5 launches is required, 1 fo r  the vehicle and 4 tankers. 

under these assumptions considerably improved success probabilities a r e  

However, OZ/HZ, assuming a mean 

s 
Even 

c c 



obtained. a s  shown in Tab. 7 for the same basic reliabilities a s  used in Tab. 

6.  Instead of P* = 0 .75  as in Tab. 6, a value of P; = 0.835 is obtained for the 

sa- number of launchings. 

in Tab. 6 for  Post-Saturn. 

6.2 Long Range Transportation Requirements 

P 

This value exceeds slightly the best value obtained 

Although the example in Sect. 6. 1 indicates an impressive potential cost 

superiority of Post-Saturn. the difference nevertheless is small compared to 

the development cos t  of such a vehicle Hhich is expected to lie between 5 and 

10 billion dollars. 

basis of sustained long-range transportation requirements. 

It is, therefore,  necessary to establish a justification on the 

As basis for  this comparison has been selected the Cane A transportation 

level (Fig. 7 ) which calls for  an average mccessful orbital delivery d 6 mil- 

lion lb in 1975/79 and of 12 million lb in 1980/84. 

on the cost effectiveness values and aasociated varying success probabilities 

shown in Figs. 9 and 13. 

ysis presented above and specifically on the resulting hourly rates, plotted in 

Fig. 24 fo r  the conditions noted on the graph. F o r  Saturn V a net payload of 

250,000 lb is assumed. In computing the orbital labor cost, the orbital person- 

nel required in the second 5-year period has been increased by 50% for Saturn V 

(corresponding to a reduction of the nominal period of duty by 50%) and by 3 3  

percent for  Post-Saturn. 

and the recoverable version of the Post-Saturn ELV. 

a r e  cumulative with progressing time. 

delivery and orbital  labor cost. 

The delivery costs a r e  based 

The orbital labor cost data a r e  based on the cost anal- 

The results a r e  shown in Fig. 25 for the expendable 

The cost figures shorn  

The upper three curves show both, 

The lower two curves show the orbital labor 

cost. 

it cannot be assessed in this general form. 

established in this respect by the example in Sect. 6.1 should apply a l so  to the 

general case. Fig. 25 showsr 

The cost effect of the two approaches on payload is not included, since 

However, the qualitative trend 

The cost superiority of the Post-Saturn appears to be based in 

the f i rs t  place an size, in the second place on the more gradually 

developing effect of reusability, thirdly on savings in orbital labor 

cost which a r e  the least  certain factor, but a r e  believed to be 

treated here conservatively, i. e. reducing the difference between 

Saturn V and Post-Saturn more than might be the case in a more 

specific 10-year orbital delivery program. 

It is, therefore, not necessary that Post-Nova attains reusability 

from the start. 

urational characterist ics permit the development to a reusable 

mode of operation in the course of approximately the first five 

years of its operational life. 

If the cost of developing Post-Saturn is taken a s  6 billion dollars,  

then this investment should be amortized durmg the first ten 

years of its operational life, if the transport  requirements develop 

a s  assumed in Fig. 25, even if no reusability is attained during 

this period. 

after about 8 years  of operational life. 

It is, therefore. important that the Post-Saturn anfiguration 

selected. has a low rate of obsolescence. This is  assured if 

It is  more significant that its design and config- 

In case of reusability, amortization is indicated 

n 

f 
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the  vehicle i s  c h a r a c t e r i z e d  by: 

(a )  a shape  which  o f fe r s  a s  few volume r e s t r i c t i o n s  a s  

poss ib l e  t o  a payload weight of th i s  magni tude  

highest  poss ib l e  ope ra t iona l  s implici ty  and  rel iabi l i ty  

advanced  chemica l  engines  (h igh -p res su re  OZ/HZ) and 

a des ign  which  p e r m i t s  t he  vehicle  to be  adapted  to  m o r e  

advanced  propuls ion  s y s t e m s ,  a s  t he  s t a t e -o f - the -a r t  

advances ,  specif ical ly  to  the u s e  of nuc lea r  and a i rb rea th -  

ing eng ines .  

(b) 

( c )  

7 

7. I lntroduction 

P a r a m e t r i c  P e r f o r m a n c e  Evalua t ion  of Advanced Concepts 

The  p a r a m e t r i c  evaluat ion of advanced vehicle  concepts compr i se s  

an a p p r a i s a l  of the payload f r ac t ions  to be expec ted  by the different vehicle  

types a s  wel l  as a d i scuss ion  of the m e r i t s  of bas i c  configuraticn types.  

Definitions 

I t i s  A t  b + A  = l  ( 2 9 )  

where  A g r o s s  payload f r a c t i o n  of the  given s t a g e  

b wet iner t  weight f r ac t ion  (burnout  weight f r ac t ion  minus A ) of 

the  given s t age  

h useful  propel lant  weight f r ac t ion  of the  given s t age  
7 

and A =I (L- I ) +  1 = 1 -L(l -L)=l -n 
X I I  P 

A =*  
P 

where x = m a s s  f r ac t ion  of the given s t age  

= m a s s  r a t i o  of the given  s t age  

i 



W = k  F t k  W t . .  . = W  (-) (35) b f P P  P X  

where k = W ( F ) / F  the thrust-dependent portion of Ww k 

the propellant-dependent portion of Wb. 

= W(P)/W f P 

Other factors may be added for 

additional significant fractions of Wb 

given values of x and kf 

l - x ( l t k f )  
k =  

P 
P x w  

For the above equation. i t  is for 

(36) 

or. alternatively, 

k = W  ( L - 1 - k )  
f P X  P 

x5wp 
k f t W  ( l t k )  

P P  

Finally. 

(39) 

where &vid E ideal velocity of the given stage 

Wp z useful propellant weight of the given stage 

WI 
i payload weight of the given stage (useful t opexatzonal pld. ) 

Wb = wet inert  weight of the given stage 

and r = L\vidlg 

Burnout weight of stage, WB = Wb t Wk 

Initial weight of stage, W, = WB t Wp 

Partial derivatives pertaining to the payload fraction of the given stage 

or of a single-stage vehicle 

Finally. if subscripts 1 and 2 designate the f i rs t  and second etage. 

respectively. and subscript 12 designates values per ta iang to the overall 

vehicle, 



148) 

maximum i12 than a f i rs t  stage of lower performance. 

derivatives. Eqs. (44). (45) 

off increasingly with increasing T , increasing A , decreasing x and 

especially with decreasing I 

increasing k and decreasing x . 

The partial 

show that increase in specific impulse pays 

i raising x pays off increasingly well with SP 

The use of advanced 021H2 engines makes itself felt in higher 1 
specific impulse. while the mass fractions remain stable. A variety of & 

bi = = weight jettisoned (from second stage) 

W A l  

I 
I 

(49) 

wb2 
b2 - = weight jettisoned (from third stage or (50) 

WA 2 
payload stage) 

Partial  derivatives pertaining to a two-stage vehicle, 

(51) 

(53) 

(54)  

7 . 2  Two-Stage %lH Vehicles with Conventional and Advanced Engines 2 

Fig. 27 shows characteristic weight curves for an advanced land 

or sea-platform launched vehlcle with lo6 Ib payload and an ideal veloaty 

capabihty of 30, 000 f t l s e c  (nan-rotating Earth) for the conditions specified 

on the graph. 

between 0. 88 and 0 .  92. 

indicate for a conventional 2-stage vehicle. xI - 0 . 8 8  I xz - 9- 99. 

Small variations in ISp have been included. 

The propellant factor of St. 1 and St. 2 has been varied 

Post-Saturn preliminary design studies 

The curves show that the 

c 



advanced 0 IH 

companies ever since the development of Centaur began. 

Characterized by higher chamber pressure (1500 - 2500 psi) and, in some 

cares involve novel chamber and nozzle configurations. 

increase in payload fraction attainable w i t h  2-stage ELV's by the higher mean 

specific impulses foreseen with advanced O2lH2 engines. 

between 112 and 1% of the rake-off weight. 

a r e  conservative. 

permits the use of high expansion ratios from the ground up, mean effective spe- 

cific impulses up to about 440 sec  for the entire ascent may be attainable. 

such case. it i n  of interest  to look at single-stage to orbit configurations. 

engines has been proposed by leading engine development 2 2  

They a r e  all 

Fig. 28 estimates the 

The increases lie 

The increases in Isp used in Fig. 28 

With successful development of altitude compensation which 

In 

7 .  3 Single-Stage-To-Orbit 021H2 Vehicles Using Advanced High- 

Performance Zngines 

F-om the standpoint of operational simplicity and reliability, single- 

stage-to-orbit vehicles a r e  particularly attractive. since the need fo r  staging 

and for two separate recovery operations ( f i r s t  and second stage) is avoided; 

and compared to two-stage vehicles in tandam arrangernent, the need for an  

air  s tar t  of the second stage engines is also eliminated. 

is, therefore, given :he single-stage-to-orbit concept in the Post-Saturn 

study. 

a comparatively greater structural  weight ink0 orbit and to have to recover 

a correspondingly larger weight. In consequence. launch weight and launch 

It is ,  therefore,  in this case even more important 

ln the case of chemical propulsion. 

Particular attention 

The draw-back of this concept a r e  CoMected with the need to carry 

thrust level increases.  

to take advantage of high-ISp systems. 

this means advanced OZ/H2 engines. 

placed on a large propellant factor x .  

single-stage vehicle renders the attainment of a larger propellant factor 

more feasible. in principle. it is doubtful that it can be boosted to the extent 

necessary to match the combined propellant factor of a 2-stage vehicle. 

factor is 

Likewise, much emphasis has to be 

Although the greater s i r e  of the 

This 

1 
1 1 I x12 = 

1 t  

x1 wp2 x 2  wp1 e --- - 
1-x, Wb1 l - x z  wb2 



since Wp2/Wbl and  W /Wb2 a re  large numbers, the second and third t e rm 

in  the denominator a re  quite small so that xlz comes close to unity. Thus, 

i t  is unlikely that the single-stage-to-orbit chemical Post-Saturn will attain 

payload fractions as high as the two-stage version. On the other hand, with 

proper design. the penalties interms of .higher take-off weight, thrust 

requirement and higher recovery weight can be made acceptable in exchange 

for the practical advantages of single-stage-to-orbit operations. 

Pl 

Fig. 29 shows the payload fractions atuinable with single-stage-to- 

orbit vehicles as function of the mean effective specific impulse and the 

propellant factor X for two ideal velocities. The mean specific impulse 

for surface-to-orbit  flights can be taken as 1.13 times the surface - I 

engines udth fully effective altitude compensation and as 1. 2 to 1. 23 for 

engines with no altitude compensation. whose surface - lsp is much lower. 

For  high-p Oz/H2 engines without altxtude compensation. the mean 

effective Isp should lie between 420 and 430 seconds and, with altitude 

compensation, between 430 and 440 seconds. Fig. 29 shows that for this 

range of I 

0.023, if x = 0 .90  can be achieved, compared to 0.055 X50.064 for the t w ~  

stage vehicle (using curves(q.  (4j and(5)in Fig.27). The sensitivity of A 

against changes i n  x a r e  seen to be quite high. 

around 1. 0 (1. 08 to 1.01). whereas 

that is. i t  takes a n  ISp increase of 2 to 14 sec to compensate for an increase 

in  x hy 0. 01. 

in 
SP 

C 

- values,  h f o r  Avid = 30,000 ft loec will lie between 0.016 and 
SP 

The partial  dhlax has values 

a h p p  lies between 5 . and 7 . 

7 . 4  Chemonuclear and Nuclear Launch Vehicles 

Fig. 30 shows the payload fractions attainable with a chemonuclear 

launch vehicle of the HELIOS design (ref.  6) with chemical rocket lift-off 

stage for a range of I 

values. 

apparent that the highest payload fraction is attained at 

chemical rocket lift-off stage a t  ail .  

phy underlying the HELIOS design, namely. to restrict  the chemical portion 

of the flight as  much as possible, consistent with requirements for payload 

protection against scattered neutron radiation m the denser atmosphere. 

However, it is not sufficient to provide a small chemical lift-off 

and x values expected to bracket actually attainable 
SP 

F r o m  the slope shown by all curves a t  Avid, = 1000 ft lsec,  i t  is 

Avid, I 0. i .  e. no 

This fact  determined the basic philoso- 

stage of fixed performance. 

indicates the desirability of varying the flight performance of the chemical 

lift-off stage, consistent with individual payload radiation sensitivities, so 

as to maximize the payload fraction fo r  individual flights as much as  practicable. 

This flexibility is designed into the HELIOS concept by the parallel arrangement 

of chemical rocket stage with the nuclear s h g e  and by the use of the same 

fuel in both stages. thereby rendering i t  comparatively easy to provice. 

within wise limits, for  each mission on optimum compromise between perfor- 

mance (high payload fraction) and protection of the payload against scattered 

nuclear radiation. 

The comparatively steep gradient of all curves 

In comparing the HEL105 payload fractions with those attainable with an 
0 

all-nuclear single-stage-to-orbit (Fig. 31) it is  seen that the latter values a r e p  

only slightly higher, in the order of I .  5 - 2% of the take-off weight. 

= 
I? 

7 .  
? 

For 

t 



Avid. 2 = 
example. in Fig. 30 fo r  HELIOS, curve (4) at Avid, = 6000. 

I 24,000 f t /sec shows a payload fractlon of 0.181. Fo r  a comparable all- 

I nuclear ascent, the mean specific impulse is no higher than about 820, 

yielding with x = 0.85, a payload fraction of 0. 201; an  increase of 2%. Al-  i 
, 
l 

I 

though i t  is  not to be implied that 2% is a negligible gain in payload fraction, 

it can nevertheless be stated that the penalty incurred by the use of a small  

chemical lift-off stage. a s  in HELIOS, is not severe.  Certainly. the loss in 

payload could be more excessive if radiation sensitive payload would have t o  

be protected against scattered neutrm radiation during the fir3t  100, O D 0  ft 

of ascent through the atmosphere. 

On the other hand. HELIOS is so designed that the chemical lift-off 

I 

~ 

I 

stage can be omitted and full advantage be taken of an  all-nuclear ascent, 

1 
I whenever the type of payload ( e .  g. LH ) permits this approach. 
, 

Because of i ts  high payload fraction a nuclear ELV i s  characterized 
I 

by parhcular low initial weight. 

tion with the use of airbreathlng boosters. An estimate of the payload fractions 

attainable with a HELIOS using an airbreathing (air /HZ) stage (Fig. 32) instead 

of an 02/HZ rocket lift-off stage indicate a slight superiority over the all- 

nuclear single stage ELV. This is because the increase in 

reduction of the ideal velocity required by the nuclear stage, 1s not quite 

wiped out by the A of the airbreathing stage (0. 8 5 A (0. 9 ) .  resulting in 

a A for the entire system which offers prospects of being superior to that 

of the all-nuclear ELV (ref .  7). 

sensitivity of the payload fraction to changes in the m a s s  fraction of the air- 

breathing lift-off stage. 

This fact favors the nuclear ELV in combina- 

A 2.  due to the 

1 -  

12 
It is worthwhile to note, in Fig. 32. the 

1 1  

Cansidering the last  availability of large nuclear engines (compared 

to the availability of 02 /H2  engines, even of the advanced type) and the diffi- 

culties in clustering nuclear high-thrust engines, nuclear and chemonuclear 

ELVIS with minimum-type non-nuclear lift-off stage a re  not likely to attain, 

In the early seventies, orbital payloads of the order of 106 lb. 

If the ELV is to take advantage a t  all ,  by the middle or late seventies. 

of the superior specific impulse of nuclear engines a t  orbital payloads of the 

order of IO6 lb  o r  higher. then the chemical stage must be enlarged and a 

vehicle must be developed in which the chemical stage carries a larger share 

of the energy burden due to i ts  superior thrust capability which is bought at 

the expense of mean specific impulse. 

tem must consist of clustered engines 

Moreover, the nuclear propulsion sys- 

At this point i t  is worthwhile to consider seriously the mating of advan- 

engine technology with nuclear technology both of which will mature 

It is further 

ced 0 /H 

considerably in the course of the sixties and the early seventies. 

assumed that airbreathing boosters of adequate thrust level and, if possible. 

capable of supersonic combustim would be highly desirable, especially for a 

nuclear ELV. 

makes the operational date for  the aero-nuclear ELV very uncertain. 

as the nuclear engines a r e  concerned. single, multi-million pound thrust  engines 

with solid core reactors will not be available within the next 10 to 15 years.  

Therefore, designs must be considered which permit the use of smaller nuclear 

engines, in an open cluster. i(' Finally, it is  felt  highly desirable to retain the 

: An open cluster is defined as a cluster in which the nuclear engines a re  30 ft$ 

2 2  

The time and cost required for such development, however, 

As far 

m 

f 
o r  more apart. 



1 

advantages connected with a parellel arrangement of chemical and nuclear 

engines because of the many practical advantages connected with the nuclear 

engine start. 

a 1-stage to orbit  ELV. 

At the same time. the vehicle can be developed a s  a 2-stage or 

The adaptation of a recoverable chemonuclear ELV of the H E L l a  

design concept has.  therefore, the following features: 

One-stage or two-stage to orbit 

Advanced 0 2 / H 2  engines 

Chemical engines parallel with nuclear engines 

open cluster of nuclear engines at periphery; 
chemical engines in center 

Vehicle recoverable f rom orbit and re-usable. 

The orbital  payload fraction attainable with a 2-stage version is shown 

in Fig.  33 to be intermediate between the advanced chemical 2-stage ELV 

(Fig.  28) and the 1-stage nuclear ELV (Fig. 31). as is to be expected. Also. 

as expected. i t  is somewhat inferior to the HELIOS version (Fig. 30). because 

a large share of the ascent energy is furnished by the chemical system. 

i t  appears possible. for example, to attain A = 0. I with 2 0 , 0 0 0 / l 0 , 0 0 0  velocity 

diotribution, x - 0 . 9 2  and I 
5P 

payload ELV for a take-off weight of the order of 107 lb. 

Thus, 

= 430 (mean effective). yielding a 106 lb orbital 

Figure 34 presents the conditions for a single-stage-to-orbit chemo- 

nuclear ELV. Here.  the chemical stage burns up to a certain velocity, then 

shuts down, whereupon the nuclear stage carries the vehicle the rest  of the 

way. Obviously, this is not necessarily the best way. An alternate mode is 

to s t a r t .  f rpm a certain altitude on, to blend the nuclear thrust  i n  which cutting 

back the chemical thrust correspondingly. Subsequently, a s  the nuclear 

thrustlweight ratio increases. and as the centrifugal trajectory pressure 

grows, requiring less thrustlweight ratio in the first place, the chemical 

thrust  is  gradually reduced further and finally cut-off entirely. 

For the f i r s t  mentioned case of separate chemical and nuclear burn- 

ing. the wet iner t  weight Wb, 

but carried along by the nuclear module. 

of the nuclear stage. Wb, 

of the chemical module is not Jettisoned. 

In terms of the ir t ial  weight WA, 

represents the fraction 

wb.c  - wb.c wA,c - b, 
WA,n wA.c wA.n 

(55) 

where A c  = WA , n/WA, i s  the payload fraction of the chemical module. 

Therewith the payload fraction A n  of the nuclear stage is modified 

to 

A '  n 2 A n - k  (56) 
Xc 

since the additional hardware carried along all the way reduced the payload 

of the nuclear stage in direct proportion (i- e.  trade-off factor = I in this case).  

The apparent mass fraction of the nuclear stage is now 

I wp, n A n  

W p , n + W b , n + W b , n  h c  

whence one has for A' also 
n 

or. conversely, solving Eq (58) for xr , 
n 

(57) 

(58) 

t 
A 

c 



1 - 1  
x' = m 

l - <  
(59) 

Finally, the payload fraction of the entire ELV is given by 

where x is tbe m a s s  fraction of the chemical module, x' the modified mass 

fraction of the nuclear,module. 

C n 

the INSS ratio of the chemical stage 
C 

[ pc = exp ( Avid, =/ve, .)] and rn the mass ratio of the nuclear stage 

On the basis of these relations, Fig.  33 shows the payload fraction 

to be far more sensitive to  changes in the bv ,  velocity distribu- 

tion than for  the two-stage version, because of the influence of the wet inert 

weight of the chemical module vehicle tends to reduce drastically the dfec- 

tive m a s s  fraction x' of the nuclear module (Graph (C)). The overall vehicle 

system i n  extremely sensitive to the mass fraction xc of the chemical module 

(Graph (B)) and to the velocity distribution; but it is potentially superior to an 

all-chemical one-stage-to-orbit ELV and potentially competitive with the two- 

stage chemonuclear ELV. 

1 Av 
Id. C id ,n  

n 

8.  ELV Configurations 

Having surveyed parametrically the range oi payload fractions which 

appears attainable with single and two-stage launch vehicles using a variety 

of propulsion modes, it rernainr to compare the relative merit  of different 

vehicle configurations. These Can be grouped into 

Ballistic 

Blunt body 

Winged. 

The balliatic configuration is defined here a s  a launch vehicle whose 

aspect ratio without payload is larger than one. 

is  taken a s  one whose aspect ratio without payload is equal to, o r  less  than, one. 

The blunt body configuration 

Aside f r o m  being able to stand freely and being self-supporting the 

ELV must provide adequate fronlal a rea  to take large low-density payloads 

and it must be capable of re-entry and of reaching the surface in reupable 

condition. The latter two requirements have a particularly profound influence 

on the appraisal of Post-Saturn ELV configurations. 

sible payload densities, coupled with the large payload weight. leads to enormous 

differences in payload size.  This iact  w i l l  represent a major problem a r e a  

for any all-purposePost-Saturn ELV configuration, 

35. 

weight, uamg 0 2 / H z  (x = 0 . 9 1 4 ;  W - 3.  5 . lo6 lb. Woz = 16. 5 . '  lo6 lh) 

is shown, in case (a) as a blunt body, in case (b) a s  a ballistic configuration. 

Either case is shown with an interplanetary vehicle section a s  payload') and 

1) Planetary vehicle of about 900. 000 lb weight ful ly  fueled, without the Earth 8 

The wide range of pos- 

a s  is illustrated in Fig. 

The envelope of two single-stage-to-orbit ELV's of 24 . lo6 Ib take-off 

H2 - 

m, 

ti escape booster used for hyperbolic mjection. 
out the entire volume, i ts  apparent mean density is low. 
the mean density for the given nose fairing envelope is between 2. 5 and 3lMt3. 

Since such vehicle cannot fill 
In the present case 



with a conical nose section which, f rom the apex on down. is assumed to 

be filled with l o 6  lb  of LH It is seen that with the blunt body 

configuration, even in the most extreme case,  the overall  vehicle height is  

comparable to the maximum value considered for Saturn V; whereas the 

ballistic configuration becomes some 530 ft tall. 

platform launched vehicles, such length means additional heavy investment 

in high-ceiling assembly and checkout buildings and facilities and in test  and 

launch facilities. 

accomodate denser  payloads of the same weight. 

acteristic cone (40° cone angle) of 1. 57 . lo6 ft3 is approximately seven times 

as large as the volume required even by liquid hydrogen. Payload densities 

for lunar operations will lie between the density of LH and that of concrete. 

It is apparent from Fig. 20 that the need for compatibility with a wide range 

of payload sizes will be a major factor in determining the Post-Saturn ELV 

configuration, if the ELV is to have an all-purpose payload-carrying capability. 

Body diameters between 90 and 160 f t  a r e  indicated. 

in the case of winged configurations. 

o r  of water. 
2 

For land launched or sea- 

On the other hand, the blunt configuration cannot efficiently 

The total volume of a char- 

The problem is aggravated 

Tab. 8 compares the re-entry and recovery characterist ics of the 

three principal ELV configurations. 

touchdown operations as simple and reliable as possible suggest th? blunt body 

as the most attractive configuration- 

Emphasis on keeping the re-entry and 

9 .  The NEXUS Earth Launch Vehicle Concept 

The nucleus of a stable, econormc, large-payload Earth-to-orbit 

logistics operation is an Earth launch vehic1.e (ELV) which satisfies 

the followmg requirements: 

(4 

(b) economy of operation 

( C) high reliability 

In order to meet condition (a). the vehicle design (including the 

propulsion system) must be sufficiently advanced to meet firm as  well as  

potential requirements with no o r  few changes (operational capability and 

versatility). On the other hand, the design must be realizeahle within the 

time period by which the transportation system as  a whole (which includes 

more than just the vehicle, e.g. launch ahd tracklng facilities, capability 

of orbital handling of large masses etc. ) has to be operatioional. 

developmentpchedule of this overall transportation system, in turn, is  

imbedded in the national space development plan. 

available as  a guide. 

will see the development of a post-Apollo Lunar capability which is likely 

to require considerably larger payload weights than can conveniently and 

economically be furnished by the Apollo ELY Saturn C - 5 .  Furthermore. 

the foreseeable state-of-the-art  in the areas  of propulsion, orbital operations, 

deep space vehicle operation. manned space vehicles and manned space flight 

in the late sixties and early seventies will principally meet the requirements 

low rate of obsoies cence 

The 

No such plan is officially 

However, i t  is  generally recognized that the seventies 

c 



lfor the first  manned flights to Venus or Mars in the seventies. Comparatively 

favorable mission cod t ions  e d e t  in 1973 and 1975 w Verma and Mars--from 

the standpoint of mission energy and solar activity--which wi l l  not recur before 

the 1984186 period- Althwgh these two factors ptovide an incentive to consider 

the possibility of planning the first  manned planet flight to take place during the 

first haU of the seventies. they are  not so dominant as to permit no alternative 

other than to disregard the 1977 through 1983 period and make a choice between 

the 1973 to 1975 period and postponement of first manned planetary flights to 

1984. 

operationll and if a nuckar engine of 250,000 l b  thrust ia available to power the 

planetary vehicle. 

' to Mars in the 1973 through 1984 period for a 430-day rmndtrip mrsion and 

shows the associated mass ratios. It is. therefore. reasonable to assume that a 

Post-Saturn Earth-to-orbit trznqottation system should be Operational no later 

than 1977-1979. in which case the development of the ELV wkich is to be its 

nucleus. must be completcd in the l976/1978 period. 

11 to 13 years for the actual development work and determmes the frame of 

reierence within whrch the selection of the more advanced component@ and 

subsystems must be made. 

which promises to be the principal pacesetter. 

to be made in the propulaion area where the biggest performance gains can be 

achieved. 

, 

I 

Flights in 1977 and 1979 a re  quite feasible. if a Post-Sacurn ELV ir 

To illustrate this fact. Tab. 9 liars favorable launch dates 

ThLn leave approumately 

This is especially true for the propulsion system 

The boldest strides will have 

! 

Requirement (b). economy of operation, calls for reusability at moderate ' 

,costs for recovery and refurbishing. It also calla for operational flexibility. 
.- 

Comercia1 aviaeon. for example. would not be feasible. if airplmer could 

not take off on a rainy day. 

corresponding requirements mean freedom of constraints of return from orbit 

other than those dictated under certain conditions by the laws of celestial mechan-, 

ics. 

i s  particularly difficult to meet with nuclear engines as they are presently 

designed (deaign changer must permit the jettisoning of the nuclear reactor 

prior to atmospheric entry); (b) to return to the vicinity of the launch site; for 

blunt bodies this means the ELV must return after I - 3 revolutions or must 

stay in orbit for I4 - 15 revolutions (approx. 1 day) o r  more, depending on the 

particular resonance conditions between launch site and orbit. 

makes return after 1 to 3 revolutions most desirable; as in every commercial 

operation. rapid recycling contributed to greater economy; (c) to execute the 

return, independent of weather conditions in the landing area (barring rare 

extremes. such as hurricanes); this imposes c~nstraints upon the mode of re- 

entry as well a s  of touchdown and discourages the use of aerodynamic devices, 

such a s  large balloons, or large parachutes or paraglidcrs. 

In the area of Earth-to-orbit transportation. 

The ELV should be able (a) to return from orbit directly; a condition which 

Requirement (a) 

I 
Requirement (c). high reliability. is a contributory requirement to economy i 

of operation; but more than that, operational reliabilzty is vital for  operational 

safety as well as for the safeguarding of expensive payload or the timely delivery, 

payload on which the lives of peraons in orbit or on tbht Moon may depend, 

important prerequsite for the achievement of high reliability is simplicity of 

An 

2 
flight operational procedures. i .  e .  minimizing the number of "eveats." which P 
must take place to assure mission success, so long a s  this is not done at  the 



expense of component and subsystem simplicity. It means that the vehicle 

should undergo as few configurational changes as possible in the course of 

its mission which involves ascent, orbit coasting, descent and touchdown, 

preferably on water. 

The simplest  re-entry bo* is of blunt shape, low W/C$l, and large 

nose radius. 

i4 ,  for all practical  purposes also dictated by the physical dimensions of pay- 

loads. For such payload dimensiona only a very blunt shape leads to a con- 

figuration which IS dynamically (load dynamically) not only uncontroversiaL 

but even advantageous; and only a very blunt shape leads to a vehicle plus pay- 

load height which avoids excessively tall launch structures.  s u c h  as  500 - 700 ft  

tall service structures.  

Aside from being very suitable for re-entry,  this kind of shape 

The answer to the many conflicting requirements implied by the multitude 

of things which tomorrows ELV must be, is primarily: bluntness. Just as the 

automobile, the airplane and the missile had to find their  own characteristic 

shape, so there  is a characteristic shape for  large ELV's. 

shape, somewhat reminiscent of the shape of a Galapagos turtle or a mushroom 

head. Together with i ts  towering payload It represents an aerodynamically and 

dynamically acceptable ascent configuration (Fig. 36). Without the payload it 

posses a favorable re-entry configuration (Fig. 37). Its large nose radius (120 

f t  o r  more) and the large diameter (140 ft  or more) provide a large area which, 

in connection with the comparatively low W/A of 50 - 80 lb ft2, offer the potential 

of some fl ide control of the descent path in more advanced operational entry 

modes. 

It is  a blunt-body 

This potential is not utilized in the f i r s t  version under study. 

The concept of the blunt-shaped ELV has been named. for brevity, 

NEXUS, the link between Earth and space. 

stage versions have been considered. 

applied primarily to chermcaI Post-Saturn vehicles, i t  i a  an attractive config- 

uration for a chemonuclear ELV. since i ts  large diameter allows open cluster 

arrangements of nuclear engines. The configuration also offers advantages to 

a second-generation Saturn V when applied to a recoverable first stage. 

One-stage and one-and-a-half 

Although the NEXUS concept has been 

, 

c c c 
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10. The Single-Stage NEXUS Vehicle 

The single stage NEXUS being larger in diameter than height is 

unconventional when compared to present day high LID booster configurations. 

The demand for  a large payload capability coupled with single stage operations 

results in a vehicle weight and shape which is relatively huge 

For  comparison, the NEXUS boost6 about 4.5 times the Saturn V payload, 

has a diameter about five times greater a d  posses about four times the take- 

off weight 

the same (Fig. 35). 

new techniques will be required for the manufacturing. mating and handling 

during construction of the vehicle. 

The height of the two vehicles on the launch stand is approximately 

Because of the magnitude of the NEXUS weight and size, 

The NEXUS configuration is determined by the requirement for: simpli- 

city in  manufacturing. total vehicle recovery. minimum vehicle height when on 

the launcher and by simplicity i n  operation from launch through recovery. 

The vehicle features a blunt-body shape with a large nose raQus for 

re-entry. The large radius reduces the aerodynamic heating so that no special 

protection in the fo rm of high temperature or ablation materials will be neces- 

sary a s  a heat shield The blunt nose combined with extendable flaps provides 

the vehicle with the required static margin of stability during it. re-entry into 

the atmosphere. 

thrust  or the combination of parachute and retro-thrust. 

for water landing. 

acceleration and for patterning the water surface to provide more ideal entry 

conditions. 

Final deceleration from about 350 ft lsec is provided by retro- 

The vehicle is designed 

Touchdown rockets a r e  provided for reducing the impact 

The single stage NEXUS concept i s  not restricted to one certain size 

A comparison 

. 

and weight vehicle but can vary greatly in i ts  magnitude. 

illustration is shown in Figure 38 

various size concepts a r e  s imilar  and for all practical purposes a r e  

independent of the vehicles size and weight. 

discussing finite values of vehicle characteristics, a 24 million pound 

gross weightNEXUSwillbe presented. 

shown in Figure 39. 

The construction details of the 

However. for purposes of 

An illustration of the vehicle is 

The purpose of the larger version is discussed below. 

With an interplanetary payload the vehicle stands approximately 400 feet. 

The Nexus itself is US feet high, 150 feet in diameter a t  the heat shield 

and 164 feet  at i ts  base. Although the illustration shows a plug nozzle, the 

dimensions a rc  approximately the same for clustered advanced expansion- 

deflection engines. 

vehicle structure and i ts  favorable center of gravity location (forward for 

re-entry) makes it an ideally suited main engine configuration for the NEXUS 

The plu& even distribution of thrust load into the 

The concept features a large spherical-toriconical hydrogen tank with 

a 120 foot dome radius. 

supports the 0.1 inch thick titanium heat shield. 

provided in the shield at touchdown rocket locations. 

vehicle. the hydrogen tank is not employed a s  a load carrying member for 

Over the tank dome is crushable structure which 

Blow-out pawls a r e  

Being a reusable 

external loads when in its chilled condition. 

(366. 000.'lbs). LHz weight (3, 500,000 lbs), liquid hydrostatic head 

and internal presaure loads (25 psi). Payload and thrust loads bypass the 

It supports i ts  own weight 



tank through external load carrying members. 

is  a precaution against unpredictable loads that could create a leakage 

of the tank by racking and material fatigue. 

This design criterla 

The hydrogen tank i s  constructed of 5Al-2. 5 Sn titanium sheet varying 

from 0. 23" thick a t  the dome to 0. 35" skin on the cone. 

butt-welded. 

s ea  water corrosion and its favorable strength to weight ratio. 

supported by its upper connection at maximum tank diameter and near the 

bottom where the touchdown rocket reaction structure joins the tank. The 

upper connection supports the tank during ascent and prevents the shell 

from buckling if internal pressure i s  lost on the launch stand. 

connection supports the tank during touchdown rocket firing and touchdown 

loads. 

heating prior to this loading.) 

The assembly is 

Titanium was selected because of i ts  great resistance to 

The tank i s  

The lower 

(The tank shell  i s  warmed by aerodynamic and pressurization gas 

The LHz tank i s  insulated with 0. 25" thick fiberglass honeycomb covered 

with a sealed layer of fiberglass sheet. 

capable of providing an exterior tank temptrature above zero degrees 

Fahrenheit. 

This forms a cryogenic insulation 

The liquid oxygen tank is a comparmented spherical torus assembly 

surrounding the af t  portion of the hydrogen tank. 

is about 28 feet and outside diameter nearly 160 feet. 

pounds including f r ames .  

sections of ,032" formed stainless steel sheets welded together to form the 

torus. 

ring and an external flange for pin joint attachment to the vehicle load carryin$ 

structure. 

Its cross  section diameter 

It weighs about 121.000 

The tank i s  assembled of twenty-four spherical 

At each spherical  intersection is a frame with a internal slosh 

Type 301 steel was selected for the oxygen tank because 

of its compatability with the chemical. 

The spherical segmented torus tank with chem-milled sheets ranging 

from .062 to .032 is  35% lighter than a constant section torus tank. 

The load carrying structure supporting the payload, tanks, side fairings 

and engines weighs about 160,000 pounds. 

panel segments stiffened with tees and joined by fusion butt welds. 

members form a conical lattice type structure. 

It 16 constrcted of titanium alloy 

The 

The heat shield is  a titanium shell about 0.1" thick. It is  bonded to 

Styrofoam about one foot thick at  the center and increasing to five feet 

thick at  the edges. 

necessary at touchdown to prevent damage to the hydrogen tank, 

The Styrofoam provides a crushable structure if 

A titanium fairing surrounds the entire vehicle protecting it against 

aerodynamic heating during ascent and re-entry and from water sTray 

while in the sea. 

wedge shaped flaps. 

and potential aerodynamic maneuvering capability during launch. 

hydraulically actuated and weigh about 13,000 pounds each. 

places the center of pressure further aft on the surface than that of a rectangular 

flap and minimizes possible flutter tendencies. 

lmbedded'in the fairing, flush with its surface, a r e  four 

They provide center of pressure control during re-entry 

The flaps a re  

The wedge shape 

The main propulsion system is a truncated plug engine. It is  a high 

pressure,  throttleable. altitude Compensating oxygen/hydrogen engine 

producing a maximum of 24 million pounds of thrust. 

ratio of E = 150:l and a mixture ratio of about 5:l. 

supplied to the engine by a pump system from a hydrogen pressurized LHz 

It has an expansion 

Liquid hydrogen i s  

c c 



- 
tank. 

pumps from the oxygen pressurized LOX tank of 25 psi .  

tank outlets a r e  below the engine inlet. a saving in residuals i s  accomplished 

by reducing the number of active feed lines by valving and drainage systems 

a s  the engine i s  throttled back during ascent. 

The tank pressure is  about 2 5  psi. Liquid oxygen is supplied by 

Since the LOX 

Because very little thrust vector control appears to be available 

f rom a plug engine by throttling or other means, the NEXUS concept 

incorporates separate control engines. Since the inherent center of 

gravity of the take-off configuration is close to the engines and since the 

NEXUShas such a broad base diameter, throttleable control engines mounted 

at  the Outer periphery of the base a r e  very eifectlve. 

these engines produced a f a r  greater torque than swivelling. 

thrust units in each of four quadrants could satisfactorily control the NEXUS 

during max-q condition 

Thrust variation of 

F~~~ 400, 000 1b 

The NEXUS concept does not require gimballed o r  swivelled engine 

installations. 

where large cryogenic feed lines and high-pressure engine systems are  involved. 

This is very advintageous (for reasons of weight and reliability) 

The interstage adapter, although not part Of the NEXUS recoverable 

The de-orbiting booster, i s  partially retained after payload separation. 

retro-rockets a r e  installed in the lower part of the adapter and aligned 

so their centers of gravities pass through the vehicles center of gravity. 

When the payload is released from the booster the upper portion of the 

adapter containing the trans-stage propulsion separates from the lower portion 

exposing the retro-rocket  nozzles. 

released by small  rockets canted to remove the structure from the normal 

After retro-firing the adapter sectlon is 

flight path. 

sandwich structure. 

The adapter i s  constructed of light weight honeycomb- 

For final touchdown low impact deceleration i s  of prime importance 

in order to minimize the vehicle structural  weight. 

of easing the vehicle's impact a t  touchdown is by providing suitably located 

retro-rockets. 

a short  distance above the water,  then with less  thrust, allow the vehicle 

to enter the water a t  a controlled velocity. 

IS determined by the forces the vehicle's structure is  able to tolerate. 

the reaction loads of the touchdown rockets influence on the design of the 

forward bulkhead. The NEXUSbulkbead being a thin shell of approximately 

150 feet  in damete r  with a 120 foot nose radius isa somewhat more unwieldy 

design than bulkheads with smaller radii of curvature. 

impact loads, provision of supporting structure to localized areas  of the 

bulkhead appears most attractive and is incorporated in the FEXUS design 

The weight of this support structure is a function of the touchdown retro- 

thrust  and the water impact loads 

The most favored method 

The rockets must provide sufficient impulse to stop the vehicle 

The allowable impact velocity 

Also, 

Therefore, to accept 

The touchdown impact loads may not act against well defined reinforced 

areas  because their reaction remains unpredictable and the touchdown conditions 

in general a r e  unknown. 

a small scale model shown in Figure 40 

provided rather interesting results. 

displaced and patterned by the touchdown jets, the size and shape of the pattern 

being a function of the number. magnitude, and location of the je ts  with respect 2 

An attempt has been made to clarify this by constructing 

. Scale tests were conducted which 

It became apparent that water could be 



to the (NEXUS) center line. The backflow of water. s team and rocket exhaust 

would change conditions at  the impact point favorably fo r  the entering NEXUS, 

There a re  smne general conclusions which may be drawn from the 

test results and a re  pertinent to touchdown in general. 

(1) producing a significant cushioning effect which is provided by bubbling water, 

an  effectively less dense fluid. 

Although the preceding discussion. for simplicity, assumed only touchdown 

rockets without parachutes. or balloons, etc. ,  the weight implications must (2 )  

be understood For this reason. a parachute study was made which indicated 

that an optimum weight condition i s  obtained when both parachutes and rockets 

a r e  used. 

with parachutes, and rockets would then decrease the velocity to zero. 

The vehicle would f i rs t  be reduced in velocity to about 75 f t /sec 

T h i s  

combination weighs approximately 50% of the "rockets only" system. ( 3) 

Preliminary indications of impact conditions and the rocket exhaust 

influence have been obtained through experimental model tests. The use of 

small scale models should provide valid information aince the action of the 

water surface is primarily a wave phenomenon which can be scaled using 

Fraude'6 Number. 

A lll60 scale test  model of the NEXUS forward bulkhead with 49 jet  ports 

was built. Having all ports operating simulates seven million pounds of 

retro-thrust  which correspond8 to 3. 5 g. 

pounds of retro-thrust  o r  0.8  g which allows the NEXUS to descend at 0 . 2  g. 

(4) 

Nine ports simulate 1.6 million 

Figure 40 shows the jet impingement on water at a scaled 30 foot 

altitude. 

have subsided leaving the final touchdown rockets patterning the water. 

Figure 40 

nose of the vehicle is beginning to penetrate the ze ro  wi re r  line. 

The tes t  simulates the condition where the r-ain touchdown rockets 

shows the final touchdown rockets disturbing the water when the 

, c 

The cavity formed in the water is such that vehicle 

impact will be applied near the outer periphery of 

the vehicle.. and not in the center. 

The ground effect i n  felt at a considerable alutude. 

Approximately 10% increase in apparent thrust at 100 f t  

and over 20% increase a t  30 ft attitude. 

rocket weight will be Eaved. but this effect has not been 

considered in rocket weight estimate. 

When only the final touchdown thrust  is active (1.6 Mcg. thmst). 

there appears to be 20% increase in apparent thrust at 30 ft  

altitude, which drops back to 0 increase at 15 f t  altitude. 

then increases to 100% increase at 0 altitude. This variable 

condition will need careful evaluation before rocket total 

impulse, thrnst. and probable vehicle impact velocity can be 

established. 

There a r e  aeverrl  area6 as yet unexplored in which model 

testing may be of considerable benefit: 

(a) 

This means that 

instability due to interaction of vehicle attitude 

and ground effect; 

effect of gas temperature - some energy w ~ l l  be 

removed from the je t  through heat transfer to the liquid; 

( b )  

1 (c) water density in the surface layers of water. The 

r" effect will be significant to the impact forces on the 

vehicle; 



Rebounding from the water due to thrust, ground effects 
and buoyancy. 

Effects of horizontal velocity on contact pressure and.g- 

tolerances have a significant effect on the condition of 
touchdown. 

Because of these tolerances and in order to keep the impact velocity l w ,  a 

30,000 Ib rocket weight has  been assigned for the final touchdoun . 
Both altitude and velocity a re  of concern and magnitudes of these have 

been assumed from various causes. 

Altitude Velocity 
(feet) (feetlsec) 

Measurement tolerance 
altitude 4 ft 1lZR 
velocity 1 f t l s ec  112% 

6. 2 

Engines 
3% total impulse 
thrust build-up time 

. 4  
6 . 3  

2. 3 

8. 

Ocean waves 5. 3. 2 

Propellant Residuals 

(these may  be jettisoned) 
1. 5% variable total vehicle . 2  4. 

During descent with the touchdown rocket thrust applied, there 

a r e  two main considerations. 

effects and the other is  horizontal velocity component due to vehicle attitude. 

Both problems indicate the need for an active attitude control s p  tern during 

touchdown. 

One is the overturning moment due to ground 

As the vehicle comes close to the water surface. the return flow of 

water and gas may apply an overturning moment to the vehicle i f  its attitude i s  

not controlled. This  instability is  dependent on rocket placement and direction 

of thrust and is also a function of distance from the water surface. 

The touchdown rocket weight varies with termuial velocity of vehicle 

due to the S v  requirements, and varies with thrust due to the gravity effects. 

The best thrust  level at which to operate the touchdown rockets would 

appear to be the highest. however, structure weight also has an influence. 

The reaction struc'hxre inside the LHz tank is designed to react rocket thrnst, 

and i t s  weight increases with greater thrust. 

weight and structure weight optimum at approximately 9.000.000 lbs of re t ro-  

thrust. 

The trade-off between rocket 

Final touchdown has been considered to be a second phase of the touch- 

down operation. 

some distance above the water surface and to have brought the vehicle to 0 

velocity a t  this point. 

firing, allowing a descent to the water. A s  the water surface is approached, 

the ground effect ra ises  the apparent thrust to more than 1 g.and the vehicle 

i s  again decelerated. 

The main touchdown rockets a r e  assumed to burn out a t  

The final touchdown rockets. a t  l e s t  than 1 g. a r e  st i l l  

This approach eliminates a high impact velocity. 

I c 



The wet i ne r t  weight for the 48 M vehicle i s  65% heavier 

The main controlling factor fo r  the than for  the 24 M vehicle. 

increase l ies in the tremendous gain in tank volume with respect to increases 

in the vehicle's l inear  dimensions. 

The largest smgle element of the NEXUS inert  weight is the huge 

titanium LE2 tank. 

tank where the thrust  ring i s  where the load carrying structure and engine 

thrust structure attach. 

while on the launcher and to prevent air  f rom icing on the tank surface. 

The support rings a r e  welded to the upper portion of the 

Thermal insulation is provided to minimize boil-off 

'The segmented LO2 tank requires insulahon and a heat shielding for 

protection against engine base heating. 

into the tank rings and require special mounting brackets in each of the four 

quadrant positions. 

The control engine thrust is introduced 

These attachments add 3,000 pounds each. 

The titanium load carrying strucrure acts as the main vehicle Structure 

for load distribution between engines, payload and tanks. 

fairing surrounds the vehicle and contains the four control flaps. The JATO 

attach structure of 6,000 pounds i s  included in the weights for attach paints. 

The NEXUSmay require ass is t  when heavier than normal payloads a re  

The aerodynamic 

specified. 

aerodynamic fairing. 

These attachments are distributed around the periphery of the 

The propulsion group includes the main plug engine. the control engines, 

the valves and l ines  fo r  the engines and an attitude control system for orientlng 

the vehicle for re-entry and for touchdown. 

Residuals comprise  nearly 9% of rhe wet inert weight as pressurization 

gases in the tanks, unrecoverable and trapped liquids and extra propellant 

required for propellant utilization error .  

The interstage adapter although not a recoverable par t  of Nexus 

i s  included in the wet inert  weight. 

system for re-entry. 

inert weight and consists of all items unique with the Nexus touchdown 

rocket system. These items are;  the heat shield, the crushable structure 

between the heat shield and the LHz tank. the retro-rockets and the 

structure inside the LHz tank required to react the thrust load of the 

retro-rockets. 

I t  contains the de-orbit retro-rocket 

The recovery system is approximately 18% of the wet  

The comparative marginality of a chemical I-stage ELV for IO6 l b  pay- 

load causes concern as to the development risk undertaken regarding the actual 
payload available a t  the end of the development phase 

c c c 
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Instead of using JATO'S and before deciding that a I-stage version is tw 

marginal and should be abandoned fo r  a 1 1/2 or 2-stage version. it is of interest 

to look in the opposite direction, toward larger I-stage vehicles. 

payload of lo6 Ib nor a take-off weight of 24- IO6 lb are lirnihng figures. 

tions become rapidly more favorable in many respects a s  the vehicle size is 

increased. The 4BM versionhas a significantly relaxed I -requirement. It 

can sustain weight increases (reductions in m a s s  fraction] and reductions in 

specific impulse which would render the 24M version useless. and stili retain 

a payload capability which exceeds l o 6  Ib. 

reduces the development risk but also provides a significant growth potential. 

48M version may become operational with 1.4 . l o 6  Ib payload, for example, and. 

in the course of further refinements grow into a I .  6 to 2 million pound payload 

capability. 

that this can be accomplished. 

Neither a 

Condi- 

*P 

Considering a larger version not only 

The 

Among other vehicles. the Atlas ICBM is an outstanding example 

11. Other Applications of the NEXUS Configuration 

The large diameter of the NEXUS vehicle renders it suitable to accomo- 

date large nuclear pulse-type vehicles of the future. such as Orion. 

aspect which lends this configuration a low rate of obsolescence. 

This i s  one 

Another application is its growth into a chernonuclear vehicle. retaining 

a chemical plug engine system in the center, reducing considerably the oxygen/ 

tank and adding a torus-shaped LHZ rank, in the place of the large Lox tank of the 

chemical version, under which the control engines as well as the nuclear engines 

are mounted in an open cluster of 4 engines @ 750  k or 1 2  engines @ 250 k. This 

appears feasible with 24M version whose diameter at the control engine distance 

1s about 140 ft, yielding a circumference of 440 ft. thus keeping the nearest 

distance between any two of the 12 engines to some 36 it. 

In conclusion it should be pointed out that application of the NEXUS shape 

to the first  stage of Saturn V not only wmld result m a recoverable first stage for 

this ELV; but it also would improve further the usefulness and mission versatility of 

this E L V ,  especially for the preparation of planetary missions. because the volume 

limitation of the present configuration, discussed at  the end of Par. 6 . 1  above. 

would be removed. 

that of a 50 f t  diameter Saturn V-R with blunt. recoverable f i r s t  stage. 

transport a considerably larger volume. 

recoverable first stage with uprated F-1 engines. 

Fig. 42 compares the present configuration of Saturn V with 

It could 

1 Fig. 43 shows a concept of the LoxIRP-1 

& 
v\ 
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Tab. 1 SEQUENCE O F  EVENTS MODEL FOR EARTH-TO-ORBIT DELIVERY 

2-STAGE VEHICLE (SATURN V) 
-~ 

Launch of S-IC 

cut-off of s-IC 

Staging of S-IC 

Ignition of S-LI 

Jettisoning of fairings 

cut-off of s-I1 

Separation of payload 

Rendezvous maneuver of 
payload 

1 -STAGE VEHICLE 

Launch 

Cut-off of some engines 

Jettisoning of fairing 

Cut-off of residual engines 

Separation of payload 

Rendezvous maneuver of payload 



i 

Total orbital  payload (W, = 250 k) (IO6 Ib) 
(Ww = 220 k) (lo6 Ib) 

Mcan production cos t ,  Rprod ($/lb) 
Mean ra t io  of ind i rec t  to d i rec t  oper.  cost. rn 

EW4w - 37 
Tab. 2 COST EFFECTIVENESS AND ANNUAL LAUNCH COST OF SATURN V 

FOR VARIOUS ORBITAL PAYLOAD LEVELS IN THE 1970-1985 PERIOD 

15 30 
13. 2 26. 4 

48 44 
0. 77 0. i 

~ 

t TIME PERIOD 1 1970/75 I 1975180 I 1980/85 
CASE [ A  I 3 1  A B I A  B 

I 

30 6 5  
2 6 . 4  57. 1 

4a 44 
0 .64  0.61 

65 I30 
57. 1 114.2 

50 45 
0.54 0.475 

Probabili ty of successful delivery,  PD 
Total number of launches,  N 
Annual number of launches.  ? 
Total c o s t  of effectiveness,  CL* ($/lb Pld): 

Ww = 250 k 
Ww = 220 k 

Cost p e r  launch, C' (10 5)  
Total operating coct. 5 -yr  period. Cop ($) 
Annual total operating cos t ,  ( $ / a )  

Probabili ty of successful de l ivery ,  P,, 
Total number of l aunches ,  Nop 
Average annual number  of launches,  
Total operating coat,  5 -yr  period, Cop ($) 
Annual total  operating c o s t  ($ /a )  
Total cos t  of effectiveness,  C'* ($/ lb Pld) 

Ww = 250 k 
Wo = 220 h 

1 . 0  1.0 
60 12 
12 24 

I66 145 
189 165 
41. 5 36.4 
2500 4360 
500 87 5 

I 
I 0. 792 0.792 

76 152 
15. 2 30.4 
3165 5525 
634 1110 

210 183 
240 209 

- 
No. of P r o c u r e m e n t  

I .  0 
1 20 
24 

I57 
178 
39. 2 
4700 
940 

1.0 
260 
52 

137 
156 
34. 3 
8930 
1780 

0 . 8 7  0.87  
138 300 
27.6 60 
5405 10 ,300  
1080 2060 

181 158 
200.5  180 

1.0 1.0 
260 520 
52 104 

150 130 
171 147 
37.6 32. b 
9800 16,900 
1950 3,380 

0 .93  0 . 9 3  
280 560 
56 112 
10,550 18.200 
2,110 3.640 

160 140 
183 158 

I 1 I I I 

Tab. 3 COMPUTATION O F  ORBITAL LABOR COST 

Per iod  of given orb. operation, Top (d) " 180 360 7 20 
Orbital  duty period. TD (d) 30 60 90 180 270 360 
Number of orbital  duty per iods  per person ,  ND 

for  To, = 180 d 1 , 2 . 3  1.2 1 
6 1 . . - 4  L,2 ,3  L 360 d 1.  f .  

720 d I . .  . 
-r 

12 1 * ' . 6  1 * . . 4  1 , 2 , 3  I , t  1 

Frac t ion  of 24-hr period spent working. fw 
Number of y e a r s  of special training. Y (years )  
Annual cos t  of special  training p e r  pcrson ,  C 
Average weight of person  & personal equip. , b p  (lbf 
Cost of personnel  t ransp .  to & from orbi t ,  C y r , p  ($ / lb  Wpl 

Daily consumption of expendable food, \;F ( lb ld lperson)  
Daily water  1 0 6 6  (to be rep laced) ,ww (lb/d/person) 
Daiiy expendables (to be replaced), 
Cost of cargo  transportation to orbi t ,  C ** ($/lb cargo]  

Average number  of personnel,  N T  (persons)  
Weight of orb i ta l  housing. WOH (lb) 
Mekn production c o s t  of orbi ta l  facil i ty,  zprocl ($/lb) 
Average daily c o s t  of ground opera t ions ,  directly 

( $ / a ] ' )  

x (Ibldlpersan) 

Tr 

Charged to  the orb i ta l  operations budget. Cdaily ($/d) 

1 / 3  
2 
400,000 
200 
100 

3. 66 
0. 35 
0 .74  
I50 

50 
200.000 
80 

10.000 
I . .  

')Special training c o m p r i s e s  a l l  ground and orb i ta l  training r e q u i r e d  to  
render  e. person  capable of handllng expensive orb i ta l  payloads 
professionally and with high confidence level as a fully e f fec t ive  m e m b e r  
of the orb i ta l  team. 

Tab .  4 CRITERIA AFFECTING THE COST OF ESTABLISHING 
AN ORBITAL INSTALLATION 

P a r a m e t e r  

Number of o r b i t  deliverie! 

probabi l i ty  of successfu l  
de l ivery  

Probabi l i ty  of guccersful 
orb i ta l  mating a n d l o r  
fueling . 

launch. 
ings 

9 

* 

* 

Volume 
ELV Modules 

L 

* 9 

L * 

Zriterion 1 
Orbital  Operation 

Level ' Duration Labor Cos t  

* * 

I 



Tab 5 COEFFICIENT A IN EQ. (18) 
1- 

Saturn V 
5 6 7 8 9 
6 b 8 8 8 

0 I 2 0  1 2 0 I 2 
0 0 0 1  1 1 2 2 2 
4 5 8 9 9 10 6 7  8 
4 5 6 7  8 9 8 9 

---- -. 3 4 

.49R , 4 1 7  . 9 4 4 5  ,351 . 6 8 8  , 8 7 7  . 2 9 5  . 493  .765  

. R 5 5  , 6 5 5  .R55 .90 . 9 0  . 9 0  , 0 8 3  . 9 8 3  .9B3 

. 1 2 5  .bee  . 8 0 &  ,316 , 6 1 0  .7Q . 2 0  , 4 6 4  .7Sl 
0 0 0 0  0 0 0 0 0 

16 20 24 28 32 36 40 4 4  b8 
16 20 24 28 32 36 4 0  44 A8 

, 0 3 3  . 2 1 Q  . 4 2 2  .Ol . 14i  . 3S? , 0 0 7  .OS5 . >I8 
1 I 1 )  1 I I 1 1 

2 0  24 28 32 l b  40 4 4  4 8  5 2  
20 24 28 12 36 40 44  4 6  5 2  . 109 .527 . 7 5  .037 , 3 7 1  . i 1 6  ,027 . 168 , 6 3 5  

1 prr wcrk I7 d.&yr) per launch pad 
4 + 1 spare i 5 

Tp : 40 
28 15 4 2  4 9  56 6 3  7 0  77 84 
38 4 5  52 59 66 73  80 87 94 

1lBOO 14,400 lb00 16900 2 L l O O  2 3 , 4 0 0  25.600 27,800 30.100 
$89/hr 89 8 9  89 89 89 89 89 89 
SI20Ohr 3450 3000 Zb3O 2150 2140  1940 1790 l h S O  

S S l . 1 U  1 1 . 7  5 2 . 2  52.1 5 2 . 4  52.9 5 2 . 8  53 
$1350 J j ? O  3140 2760 2460 2260 2070 l90R I770 

40  !pvrrrmsl . 200  (Iblp) . 100 ( f / lb)  SBOO.000 

1 

j n = l  2 3 4 5 6 7 8 9 IO 11 1.2 13 14 15 

Post-Saturn 
ELV I 

10 1 1  I2 ' 
I 4 4 1  
0 1 2 ;  

No mating rcq'd 1 
4 5 6 '  

1 0 4 5 6  
. 3 1 6  , 6 3 2  , 8 2 9  .- _ -  .- 
.316 . 6 3 2  . e 2 9  _ _  -. _ _  - _  - -  -. 

- -  - -  .- 
._ --  _ _  _ _  _. -. - -  .- .. - -  - -  - -  

I/30d/launrh y d  

'oll-shorr pltims) 

30 40 50 
4 0  50 60 

6400 8000 9600 
89 89 8 9  

Pohous:ng req'd 
S 6 l h r  49 41  

53.25.96~4I.11.2S 
515O/hr 1 %  130 

3 + I sparc 

Xp = 20 

O I I I  1 1  1 1 1  i I 1 1 I 1 1 

10 11 12 13 14 I5 

55 66 78 91 105 I20 2 1 3 6 10 I5 21 28 36 45 

3 I 4 10 20 35 56 84 12.0 165 220 286  364 455 560 680 

1 1 2 3 4 5  6 1 8  9 

4 s 1s 35 70 126 ti0 330 495 7t5 1001 1365 1820 2380 3060 

5 1 6 21 56 126 252 462 792 1287 2002 3003 4368  6188 8568  11 .62  

NOTES FOR TAB. b 

Tab. 6 COMPARISO> OF EC(JSOMIC: AND OPERATIOKAL ASPECTS 
OF EST;LBI-lSHISG FOUR COMPLEXES B 100 Ib WEICRT IN 
ORBIT IS 1075 WITH SATCRK V A K D  POST-SATURN 

SlirO'Ib Pld (Tic.  9 .  1975) 160. 250,000 - $40 M per  ELV $l2O/lb Pld. 
15 IZOMlELV 

4 5 6  

4 5 b 7  8 9 IO I1 4 5 6 1  

16 20 24 28 3 2  36 tO 44 
S64OM 800 960 1120 I280 1440 1600 1760 
Sbul.3h3 851.7 1012.2 10643  133L4 14929 1652.8 1813 

1. 

2. 
3. 

4 .  

5 .  

6. 

7. 

8. 

9 .  

IO. 

1 1 .  

Sei. tcxt for discusoxon of Tahlr and kplanntions bcyond those givcn bclow. 

Lint. 6: 
Liirc 9: 

P 
Process  of mating 4 modttlcb: to obtonr n IO6 Lb complex has to be repeated 4 t imes  t o  obtain 
the requirrd 4 cornplrxra @ lo6  lb; 11 : 0 mcitns that  no additional attempt to ma te  onc more 
IO6 Ib complcx is plnnllcd. 
procured and probability of SUL'CCSS, indicatcd in lincs IO, 11, 12, rrspcctively. 

probability of succ r s s  (line 16) of obtaining thc rcquircd 4 complcxcs @ I O b  Ib, but at cor- 
rcspondingly highvr proc.nrrnrent and launch cost .  

Linr 20: Drsignatcs the  prriod within which 111 launchcs takc place. 
Linr 21: Thc orbital opcration is IO days longer than thc launch pcrmd to account lor mating a n d / o r  

= 0.84 l o r  Saturn V: PD = 0.75 fo r  Post-Saturn D 

This r c s d t s  in thc ovcrall number of launches, modules t o  he 

Linr 1 3  One additional attempt to asscmblc a lo6 lb  complcx is planned (h = I ) ,  resulting in improved 

chrrkout uf thc last  rnodule (Saturn v) or complcx (Port-Saturn) which may a r r ive  a t  the las t  
clay of thc lnirnch prriod. - 

Line 2 5  B a w d  on 8 Iirbor houre per &?y of Top on the number of r lsys  of Top 2nd Np(linc 19). 

I-irnr 24: In tlrc case  of Pout-Seturn, tlrc orbital c r c w  i s  expcctid t o  l ivr i n  the complcx f o r  thr  dura-  

Lincc 26, 27, 30: 

L i n r  28. Cost cffertivenras for Post-S.iturn is d c r i v c d  from 160 . 0. 75 : 120; whcrc $160/lb is givcn 
in Fig. 1 3  for tlrc rxpcndabla vcrsion on the bas is  that its rcliability is about 0 . 7 5 .  
t h r  rffert of rrliability has bcrn coiisidcrrd hcrc  scparatrly (l ires 6 8, 8). thc C05t effective- 
nrss l i g u r c  has b r w  rrdurcd to  a v a h c  corresponding to 100% roliahility. 
in Fig. 13 arrotint for  thr cffrct  of reliability stbtistically over largc numbers of launchings, 
wlrrrrar thc v a l u r s  i n  lines 6 and 8 wfct  to S U C C P ~ S  prubi*hility for thc given, limitcd, 
numbrr  o f  di.livcry attcnipts. 

I . i n c .  29: T i w  proctivrmrnt f l g u r ~ r  f o r  Port-S.rturn r c fc r  to cxpundablr vcrsion, hut a x  unlikely to bc 
Ir,wer for  thr cxpt,ndablr version. in view o f  thc short h u n c h  period (for which thc vchirlcs 
hnvc t r i  br  rc;idivd in adv.~nrc) and In v i c ~  of tht: low rc l inb i l i t y  (1975 bcing postulatrd as the 
f i r s t  opvr;itional ycai- i n  this cxamplr). 

tion of thc  pcriod Top of orbital operation 
The cost of spccial training of thc orbital c r r w  lcf .  Sect. 4. 3) i s  not included. 
(M = million d o l l a r s !  

Sincc 

Thc cost figurvs 

irl 

d 
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Tab. 7 J<EL,IAUII,ITIES ORTAMED WITH SATURN V FOR THE SAME 

TASK AS I N  TAB. 6, EXCEPT THAT MATING IS REPLACED 
IIY LAUNCHING COMPLETE VEHICLE IN ORBIT AND FUELING 
- 

I 

i 

1 

Saturn V 
Lisc Col. 1 1  2 3 4 

P a s s i v e :  Fcasible  only with ve ry  hcavy s t r u c t u r e ,  such as Acrojct 's  Sea 
Dragon. Water  impact of acrodynamical ly  s table  vchiclc.  
A rtivc: (a) Attitude control led r e - e n t r y  Aerodynamically stable con- 
figuration. Tank heat shicldcd.  Aerodynamic s tabi l i ty  and l o w  W / A  
achieved by flaps f l a r ing  out at aft  cnd. 
balloon. 

inflatable d r a g  body proposed by thc ROOST concept of Douglas Airc ra f t  
Co. ( rr f .  8) o r  modifications thcrcoi. Atti tudc controlled r e -en t ry .  Con- 
figuration is acrodynarnically s table .  Vcry low W / A  attainable with inflat-  
able drag body. 

Has favorahlc  shape f o r  h q h - d r a g  r c -cn t ry .  l a r g e  nosc radius  and low 
W/A.  Atti tudc controlled r e -en t ry .  Vchiclc must be aerodynamical ly  
s t ab le .  

L o w  W j A  controllablc gl ide r e tu rn  f r o m  spacc.  Vehicle s t r u c t u r e  m u s t  
bc s t rong  enougk to nc rcp t  landing shocks i n  a direct ion which is normal  
to t h rus t  direction a s suming  ver t ical  take-off a t  lannch. 
off appears not pract ical  at thc payload s ixes  to he considered.  

- 
- 

Touchdown by parachute  o r  

(b) By spec ia l  provis ions and i n  fl ight operat ions such a s  the  

Buoyancy attainable nea r  su r facc .  

Touchdown by parachutc  and r e t ro - rocke t s .  

Horizontal  takc-  

1 n 
2 j 
3 NL 
4 NV 
5 (PD,.84)PB 

7 9 
8 NL 
9 

6 Tanker s  s 

NTn 10 (Ps =. 95) Ps 

1 
0 
1 
1 

.84 
4 
0 
4 
4 

. 8  I4 

1 
0 
1 
1 

04 
4 
I 
5 
5 

977 

1 
1 
2 
2 

.9745 
4 
0 
4 
4 

.814 

6 6 
-684 .82  I 792 
0 0 0 

N e  20 24 24 
14 pa = (p::)'l .219 .452 . 393  
13 

15 P 

1 
1 
2 
2 

4 
1 
5 
5 

.977 

.9745 

7 
. 9 5 2  

0 
.835  
28 

Tal). b SI:RVEY OF R E - E N T R Y  AND RECOVEI<ABlLITY CXARAC- 
TERISTICS OF THE THREE PRINCIPAL ELV CONFIGURATIONS - 

Tab. 9 COMPARISON OF A 430-DAY M A R S  ROUNDTRlP 1 9 7 3  T1IROUCI-I 
1984 TI = 180 d; T2 = 200 <I,  T,,, = 50 d 

1 P 3 4 "P 12  1 3  ~ I ~ Z ~ J J  
Dcp. Ear th  v g  v - ? ~  R A r r .  M a r s  Dcp. M a r s  "2 vz 

"AVO.. 3) (F/w,: 1.4 (F/w = 2) 0 
3-9-73 .33 . 2 8  . a 4  9-5-73 10-25-73 . 2 9  .26 .87 2.4 2. 15 2.2 11.35 
4-28-73 .27 . 2 1  .92 10-25-73 12-14-73 . 3 6  .30 .76 2.07 1 . 7 3  2.82 10.1 
7-17-75 .28 .24 .94 1-13-76 3- 3-76 . 38 .52 .65 2 .  12 1.9 3.03 12.2 
8-1.5-77 36 . 3 3  90 2-11-78 4- 2-78 .35 . 5 3  .66 2.77 2 53 2.73 1 1 . 6  
10-14-79 . 2 7  .36 .95 4-1-80 5-21-80 .29 .S2 . 6 1  2.07 2.82 2.2 12.9 
12-2-81 . 16 . 3 0  .97 5-31-82 7 - 2 0 - 8 2  .25 .48 . 6 1  1.66 2 .  3 1.94 7.4 
1-31 - 8 4  . l l  22 .99 7-29-84 9-17-84 .26 40 . 6 5  1 . 5 5  1 8 2 01 5 6 
'GI. 'mu2, v:~, v 2 4  = hyperbolic cxccss  velocit ies rciativc t o  Ea r th  a f t e r  cscapc.  M a r s  upon approach,  M a r s  a f t e r  

escapc and Ear th  rc-approach.  rcspcct ivcly 
mean  o r b i t a l  velocity of Ea r th  (about 97. 700 f t /sr .c)  

Values a rc  rounded off arid g i v m  in units of the 

T I ,  T2, Tcpt = Lransfcr times E a r t h  to Mars 

C C l t  p 2 .  tig 

R = Pcr ihc l ion  distancc during outgoing and r e tu rn  t r n n s f c r  i n  astrnnomical units 

Noics: I .  

M a r s  to Earth and  caplure pcriods M a r s ,  respcct ivcly 

2 Mass ra t ios  for Ea r th  depa r tu re  (350 km orbit) .  Mars capturr (1000 km c i r c .  orbi t )  and  M x r s  escape .  
based on init ial  or t e rmina l  thrust /wcight  ra t ios  indicated and on a specif ic  imptrlsr  of 850  s c c .  

P 
Ear th  dcpa r tu rc  datcs  have been sclcc.tcd to prcvcni Rp to fa11 below 0 .  6 A. U. at any mis s ion  and to r c f l cc t  
i nc r r a s ing  capabili ty fo r  hyperbolic cn t ry  into t l r c  E a r t h  aLmospherc 
M a a s  r a t io s  given only for thc f i r s t  t h r r c  maneuvers,  because: 

(a) the l a s t  rnancuvcr takes  placc a f t e r  much mass  rcductjon (cssenl ia l ly  to weight of entry capsulc) .  

(b) capabili ty to enter  at hyperbolic spced will advancc.  rcsul t ing in  changing amounts of propel lants  lor 

( r ) n o  entry mancuvcr  or r c t ro -mancovcr  may he cxecutcd,  Inlt c r p w  pickcd up by Earth- launchcd vahiclc 

Thus.  t e rmina l  conditions may vary greatly 

2 .  

r c t ro lh rus t  tu  rcduce speed to maximum pc rmis s ib l c  cn t ry  velocity.  

via hyperbolic rendezvous.  
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